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ABSTRACT 
 
     New K-Ar ages, major- and trace-element concentrations, and Sr-Nd-Pb isotope 
data are presented for middle to late Cenozoic mafic volcanic rocks from the Ethiopian 
plateau, Main Ethiopian Rift (MER) and Afar volcanic provinces. These data sets are 
used to provide insights into secular variations in petrogenetic processes and the nature 
of the magma sources in relation to tectonic evolution of these regions. The K-Ar ages of 
the mafic volcanic rocks from the Afar stratoid (5.0–0.12 Ma), southern MER (Getra-
Kele, 17–11 Ma; Tosa-Sucha, 1.24–0.55 Ma), and northernmost MER (Mathabila, 27–
4.0 Ma; Dofan, 3.0–0.20 Ma) show that no systematic age variation along axial area 
(interior region) of the MER and Afar rift. New K-Ar ages of NMER-escarpment lavas 
suggested that the rifting in the northernmost MER initiated at about 20 Ma similar to 
initial rifting of the southern MER. The mafic lavas included various rock types, 
consisting of basanites, picrobasalts, basalts, basaltic andesites, and hawaiites. Most of 
the studied lavas have Mg# < 60, Ni < 350 µg.g−1 and Cr < 550 µg.g−1, and are regarded 
as differentiated magmas formed by fractional crystallization en route to the surface. 
Primitive-mantle normalized trace-element patterns of mafic lavas display positive Ba 
and Nb anomalies and negative K, Rb and Pb anomalies, suggesting that the source of 
magmas is amphibole-bearing lithology. The estimated P-T conditions of melting show 
temporal and spatial variations. The mantle beneath the southwest Ethiopia, MER and 
Afar rift at 27 Ma to present is cooler [mantle potential temperature (Tp) 1460 ± 40 °C] 
than the mantle beneath the eastern part of northern Ethiopian plateau at ~30 Ma 
(maximum Tp = 1617 °C). Sr-Nd-Pb isotopic compositions of the studied lavas show 
large variations [87Sr/86Sri = 0.703022–0.706827, 143Nd/144Ndi = 0.512542–0.512989 (εNd 
of –1.20 to +7.54), 206Pb/204Pbi = 17.83–19.93, 207Pb/204Pbi = 15.51–15.68, 208Pb/204Pbi = 
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38.26–39.73], suggesting the involvement of various mantle reservoirs with distinctive 
isotopic signatures in the production of magmas in these regions. Contribution from 
crustal rocks is insignificant in forming isotopic variations in the mafic lavas, except for 
some plateau mafic lavas from western edge of northern Ethiopian plateau. Four end 
member components are identified based on correlations of Sr-Nd-Pb isotopic 
compositions, which are denoted as C-1, C-2, C-3 and C-4. The C-1 end-member 
component is characterized by low 87Sr/86Sr (0.70363), moderately high 143Nd/144Nd 
(0.51288) and slightly radiogenic Pb isotope (206Pb/204Pb=19.50). This component has the 
isotopic composition similar to the component called C or FOZO proposed in the previous 
studies, and contributed dominantly to the mafic series erupted at ~30 Ma on the eastern 
part of northern Ethiopian plateau. Geochemical characteristics of HT2 basanites and 
HT2 plateau mafic lavas are consistent with partial melts derived from sub-continental 
lithospheric mantle (containing amphibole) enriched by previously percolated melts from 
the C-1 component. The second end-member component (C-2) is represented by LT mafic 
rocks from western edge of northern plateau and Afar stratoid mafic rocks, and has low 
87Sr/86Sr (0.70265), high 143Nd/144Nd (0.51320), and less radiogenic Pb isotope ratios 
(206Pb/204Pb=17.75), similar to depleted MORB source mantle. The third end-member 
component (C-3) is characterized by radiogenic 87Sr/86Sr (0.70623), low 143Nd/144Nd 
(0.51240), less radiogenic 206Pb/204Pb (206Pb/204Pb=17.60), and intermediate 207Pb/204Pb 
and 208Pb/204Pb (207Pb/204Pb=15.65, 208Pb/204Pb=38.70), and has the composition similar 
to enriched Pan-African lithospheric mantle. This end-member component is prominent 
in the older NMER (Mathabila, 27–18 Ma) mafic series from the rift-escarpment. The 
fourth end-member component (C-4) has low 87Sr/86Sr (0.70280), intermediate 
143Nd/144Nd (0.51285), and radiogenic Pb isotope ratios (206Pb/204Pb=20.45), and mainly 
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contributed to both Getra-Kele (17–11 Ma) and Tosa-Sucha (1.24–0.55 Ma) southern 
MER mafic rocks. The origin of this end-member component could be sub-continental 
lithosphere metasomatized by HIMU-like alkaline magmas. Temporal and spatial 
changes in lava geochemistry can be attributed to changes in relative contributions of four 
end-member components. During the initial stage (~30 Ma) of magmatism, C-1 end-
member component mainly contributed to HT2 basanites, whereas LT mafic lavas from 
the western edge of northern plateau received a greater contribution from the C-2 
components. Subsequently at early stage of rifting, the magmas were dominated by 
contributions from C-3 component, presumably as a result of heating of lithosphere 
caused by the upwelling asthenosphere. In the ensuing period, the compositions of lavas, 
as seen in Mathabila mafic lavas (27–18 Ma) from NMER-escarpment, became to be 
predominated by the contribution from the C-3 component. Upwelling asthenospheric 
mantle (C-2) thermally eroded the base of lithosphere, and dominated the magma sources 
in the volcanic activities in Afar stratoid (5.0–0.12 Ma) and Dofan and Mathabila (15–
0.2 Ma) mafic rocks from NMER. The C-4 end-member component mainly contributed 
to both Getra-Kele (17–11 Ma) and Tosa-Sucha (1.24–0. 55 Ma) mafic magmas from 
southern MER. Accordingly, both Getra-Kele and Tosa-Sucha lavas are chemically and 
isotopically similar and sample a source region that is geochemically distinct from that 
for the Afar stratoid and NMER lavas. I attribute the secular variation in lava 
geochemistry to changes in thermal condition of the asthenosphere and thickness of 
lithosphere. This in turn leads me to conclude that the evolution of Ethiopian rift is caused 
by gradation from the plume-driven to plate-driven mantle upwelling through time. Thus, 
influence of thermal and chemical mantle plume has weakened with time although the 
current mantle beneath the Afar and Main Ethiopian rift is still hotter than ambient mantle. 
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CHAPTER ONE: INTRODUCTION 
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1.1. Overview  
 
  Understanding of the genesis of mafic magmas with various compositions and in 
different tectonic setting is a fundamental part of petrologic and geochemical research. It 
has long been suggested that the emplacement of large volumes of magma is often 
associated with the continental rifting and formation of new oceanic basins (White and 
McKenzie, 1989; White et al., 2008). The impinging Afar plume is assumed to have 
triggered flood basalt volcanism in the Ethiopian plateau at about 30 Ma (Hofmann et al., 
1997; White and McKenzie, 1989; Meshesha and Shinjo, 2007; Beccaluva et al., 2009, 
2011; Natali et al., 2016), and ensuing volcanism and rifting in the Ethiopian Rift (Afar 
and Main Ethiopian rift: MER, e.g., Pik et al., 1999; Marty et al., 1996; Furman, 2007). 
However, the influence of Afar plume on the present-day magmatism of Ethiopian rift, in 
terms of thermal and chemical effects, remains controversial (Debayle et al., 2001; 
Hansen et al., 2012; Rooney et al., 2012; Rychert et al., 2012; Ferguson et al., 2013; 
Hammond et al., 2013; Thompson et al., 2015; Armitage et al., 2015 and Natali et al., 
2016). Petrologic, geochemical, and seismic studies suggested the varying extent in the 
role of Afar plume in the genesis of primitive magmas erupted in East Africa. Rooney et 
al. (2012) estimated that the mantle temperature anomaly over the ambient mantle (ΔT) 
beneath East Africa ranges up to 170 °C during the production of the Oligocene flood 
basalts, and a ΔT of up to 140 °C for magmas younger than 10 Ma. Based on inversion 
modeling using rare-earth element (REE) compositions of Afar axial rift basalts, 
Ferguson et al. (2013) estimated ΔT = 100 °C for the mantle beneath the rift, and 
suggested that the sub-rift mantle is still hotter than normal mantle. Seismic studies have 
imaged a low-velocity anomaly beneath Afar, Ethiopia, interpreted as upwelling of 
thermally anomalous mantle which would be linked to the African superplume from the 
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core-mantle boundary (Hansen et al., 2012). Moreover, Armitage et al. (2015) using 
geodynamic model of extension of a viscous lithosphere-asthenosphere system and 
decompressional melting suggested that mantle temperature below Afar is still elevated 
at 1450 °C. At the other end of the debate, recent geophysical studies argued against the 
presence of plume-driven mantle upwelling beneath the rift, leading to suggest that the 
present-day magmatism is attributed to plate-driven decompression melting (Rychert et 
al., 2012; Hammond et al., 2013; Thompson et al., 2015).    
  Ongoing rift-related magmatism in Ethiopia is represented by young (<2 Ma) 
basaltic activity in the axial portions of the MER and Afar (Figs. 1–1 and 1–2). Ethiopian 
rift is a magmatic rift that records all stages of rift evolution, from rift initiation to break-
up and embryonic oceanic spreading (Ebinger, 2005; Corti, 2009). A number of models 
have been proposed to explain the processes leading to continental rifting and rift-related 
magmatism, but considerable disagreement regarding these processes remains. Some 
authors suggest that the formation of the rifted margin can be explained by melting of 
anomalously hot mantle (i.e., related to a mantle plume: White and McKenzie, 1989; 
Larsen and Saunders, 1998; White et al., 2008). However, it is unclear how such a 
magmatic rift margin evolves in the syn-rift stage. Some workers have argued that small-
scale convection can account for syn-rift magmatism without a thermal anomaly 
(Boutilier et al., 1999). Also under debate are the different models of rift propagation and 
development of segments in the MER. Wolfenden et al. (2004) propose that the MER-
related initial rifting occurred at ~18 Ma in southern and central MER (SMER and 
CMER) segments, and propagated northwards into the Afar depression through the 
northernmost MER (NMER) after about 11 Ma. According to these authors, the initial 
rifting within NMER began long after initial rifting in CMER and SMER. On the other 
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hand, Bonini et al. (2005) suggest a Miocene-recent southwards rift propagation from the 
Afar depression, with rifting affecting the NMER in late Miocene (~11–10 Ma), the 
CMER in the Pliocene (6–5 Ma) and then further propagating into the SMER during the 
late Pliocene-Pleistocene. Although these previous studies have led models for the 
evolution of continental rifts, from rift initiation to break-up and incipient oceanic 
spreading, the modalities of rift development in the Ethiopian rift and the timing of the 
main volcano-tectonic events in the different rift segments (particularly northern MER) 
require further interpretation.  
  The Ethiopian volcanic province, located at the northern end of the East African 
Rift System (EARS), is one of the youngest large igneous provinces (LIPs) consisting 
mainly of flood basalts with 622,122 km2 (Figs. 1–1 and 3–2a, 3-2b: Rooney et al., 2017), 
and is a classic example of the continental rift system attributed to the interaction between 
mantle plume and continental lithosphere. In particular, this province can provide a 
unique opportunity to understand the multiple factors for initiation and evolution of rifting, 
including the role of mantle temperature and geochemistry, and lithospheric-
asthenospheric interaction in the accretion of new basaltic crusts in rift basins. The 
stratigraphy of volcanic succession is well established, and thus it is straightforward to 
systematically collect volcanic rocks produced in all the stages of rift development. 
Basaltic rocks in Ethiopia volcanic provinces comprise a wide variety including alkaline, 
transitional, and tholeiitic series (e.g., Pik et al., 1999; Ayalew et al., 2002; Coulie et al., 
2003; Beccaluva et al., 2009; Feyissa et al., 2017). Occurrence of various magma types 
in this region is in contrast with predominance of tholeiitic basalts in the other continental 
flood basalt provinces (e.g. Deccan and Karoo). Parental magmas of Ethiopian 
continental basalts are interpreted to have been formed by melting of various sources in 
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asthenospheric and lithospheric mantle (e.g. Vidal et al., 1991; Daniel et. al., 1994; 
Stewart and Rogers, 1996; George and Rogers, 2002). The origin of sources contributing 
to Ethiopian basalts is still debated. 
 
 
1.2. Objectives of the study 
 
  To resolve the controversies about the thermo-chemical plume influence, the 
timing for the onset and subsequent duration of rifting must be constrained. To understand 
the evolution of mantle beneath EARS, it is essential to identify the geochemical 
characteristics of magma sources. Here we present new K-Ar ages and whole-rock major-
and trace-element analyses and Sr-Nd-Pb isotope data for volcanic rocks from the 
Ethiopian volcanic province, in order to (1) to constrain thermal and chemical influence 
of mantle plume, beneath present-day Afar, to the magmatism in Ethiopian volcanic 
province, (2) to understand mantle evolution through time and relative contribution from 
mantle plume in the rift settings and the petrogenetic processes that produced various 
magma types, and (3) to provide an up-to-date view of the initiation and evolution of 
continental rifting from early to the mature stages. 
 
 
1.3. Thesis organization 
  
   The thesis is composed of seven chapters including the introduction part (Chapter 
1). Chapter 1 explains the background, the specific objectives and the research strategy 
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of this study. In the chapter 2, I review the geochemical and geophysical data in the 
Ethiopian volcanic province. Chapter 3 describes the geologic and tectonic setting of the 
Ethiopian volcanic province. Chapter 4 describes details about the samples and analytical 
methods involved. In chapter 5, the results obtained during this study are described, 
including petrographic description, K-Ar dating, major- and trace-element analyses, and 
Sr-Nd-Pb isotope measurements of the Ethiopian volcanic rocks. Chapter 6 presents 
discussion about the mechanism of shallow-level magma differentiation processes, 
crustal contamination effects on mafic magmas, role of hydrous phase in mantle melting, 
and geochemical characteristics of magma sources, and P-T conditions of melting for 
parental magmas of mafic volcanic rocks in the Ethiopian province. Geodynamic models 
for the evolution of mantle beneath the rift and plateau are also discussed. Finally, I 
present the chronology of initial rifting and evolution of MER from incipient rifting 
related to continental break-up, and to the development of the ocean-continent transition 
stage. In chapter 7, the conclusions reached by this study are summarized, including the 
significance of the results of this study and its general implications for the evolution of 
mantle beneath the plateau and rift system.  
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Fig. 1–1. Location map of the Ethiopian volcanic provinces (MER, Afar and Ethiopian 
plateau) and the position of three rifts (Main Ethiopian Rift: MER, Gulf of Eden and Red 
Sea), as well as the Yemeni plateau. Black dashed lines indicate Turkana depression 
where Kenyan and Ethiopian rift intersect. The black pentagons denote the locations of 
mantle xenoliths (Injibara northwest plateau and Mega southern Ethiopia; Conticelli et 
al., 1999; Ferrando et al., 2008; Beccaluva et al., 2009) described in this study. 
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Fig. 1–2. Structural outline of the Afar and Main Ethiopian rift (modified after Wolfenden 
et al., 2004; Bonini et al., 2005). Important features shown include the axial Wonji Fault 
Belt, regional lineaments, and the location of major volcanic centers. The black elongated 
areas are the tectono magmatic segments. The inset map shows the regional context and 
the position of this figure. 
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2.1. Geochemistry of lavas in the Ethiopian volcanic province 
 
2.1.1. Source composition  
 
     A number of geochemical studies have been conducted on Ethiopian volcanic rocks, 
particularly on the middle to late Cenozoic basaltic volcanism in Ethiopian plateau, Afar, 
and MER (Brotzu et al., 1981; Barberi et al., 1980; Hart et al., 1989; Schilling et al., 1992; 
Deniel et al., 1994; Marty et al., 1996; Stewart and Rogers, 1996; Pik et al., 1998, 1999; 
Barrat et al., 2003; Furman 2007; Meshesha and Shinjo, 2008; Rooney et al., 2012a, 2013; 
Natali et al., 2011, 2013, 2016; Ayalew et al., 2016; Feyissa et al., 2017). It has been 
noted that continental flood basalts (CFB) have geochemical and isotopic compositions 
that differ substantially from those of oceanic basalts. Such a compositional difference is 
attributed to differences in mantle sources and/or to contamination of crustal materials in 
CFBs (Fodor, 1987; Ellam and Cox, 1991; Hawkesworth et al., 1992; Arndt et al., 1998; 
Kieffer et al., 2004). Previous studies also have proposed various mechanisms for the 
genesis of the CFB in the Ethiopian volcanic province. Flood basalt provinces associated 
with continental breakup have frequently been considered to be largely the result of 
decompression melting of ascending sub-lithospheric mantle (either passively rising 
asthenosphere or actively rising mantle plumes), and involving significant melt 
contribution from the subcontinental lithospheric mantle (e.g. McKenzie and Bickle, 
1988; White and McKenzie, 1989; Arndt and Christensen, 1992; Turner and 
Hawkesworth, 1995; Turner et al., 1996). Moreover, these basalts suffered variable 
degrees of crustal contamination (White and McKenzie, 1989; Baker et al., 1996, 2000; 
Pik et al., 1998, 1999; Meshasha and Shinjo, 2007). Alkaline extrusive rocks are a 
volumetrically insignificant component in most CFB provinces, but their presence in the 
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Ethiopian CFB is notable (e.g., Pik et al., 1998, 1999; Kieffer et al., 2004; Meshesha and 
Shinjo, 2007; Beccaluva et al., 2009). Previous numerical modeling (e.g., Ebinger & 
Sleep, 1998) suggests that Cenozoic to Recent Magmatism in eastern and west-central 
Africa is associated with a single large mantle plume. In contrast, other studies (George 
et al. 1998; Rogers et al. 2000; George and Rogers 2002; Rogers 2006), based on isotopic 
ratios such as Pb and He, proposed that the EARS is underlain by at least two distinct 
mantle plumes, the Afar and Kenya plumes, that have supported the Ethiopian and the 
East African plateaus, respectively. While the regional patterns of Pb and He isotopic 
compositions indicate that the source regions for the Ethiopian and Kenyan portions of 
the East African Rift are chemically distinct, they do not constrain the structure of the 
shallow or deep mantle that underlies the rift. So that, a geochemical data alone, cannot 
distinguish between different proposed plume models. 
     The geochemical variations in mafic lavas from Afar and MER are attributed to the 
interaction among various mantle end-member components such as EM I, EM II, HIMU, 
DMM, and PREMA (Barberi et al., 1980; Betton and Civetta, 1984; Hart et al., 1989; 
Schilling et al., 1992; Deniel et al., 1994; Marty et al., 1996; Trua et al., 1999; Rooney et 
al., 2012a; Feyissa et al., 2017). Although the exact nature has been debated, a 
lithospheric component is also recognized in some basalts from the MER and the Afar 
depression. Some authors have advocated for a role of lithospheric mantle in the 
geochemistry of the erupted lavas (e.g. Hart et al., 1989; Vidal et al., 1991; Deniel et al., 
1994; Barrat et al., 2003; Feyissa et al., 2017) whilst the others point out that continental 
crustal contamination can account for the distinct isotopic signature of these basalts (e.g. 
Barrat et al., 1993; Baker et al., 1996, 2000). 
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2.1.2. Magmatic differentiation 
 
  Most of the ~30 Ma old flood basalt province outcrops in the Ethiopian region, 
west and east of the MER (Fig. 3–2), and forms a lava plateau; the rest of the plateau 
being in Yemen. On the basis of some major compositional ranges and trace element data, 
three main magma types have been defined (Pik et al., 1998, 1999). These are low-Ti 
(LT), high-Ti1 (HT1), and high-Ti2 (HT2) basalts, which mostly reflect a spatial 
distribution rather than a temporal evolution. LT basalts are characterized by relatively 
flat rare earth element (REE) patterns and low levels of Ti and incompatible trace 
elements. LT basalts have tholeiitic affinity, which are estimated as derived from depleted 
mantle (Pik et al., 1999; Kiffer et al., 2004; Beccaluva, et al., 2009; Rogers et al., 2010). 
According to Pik et al. (1998), these rocks are restricted to the northwestern part of the 
province, as shown in Figs. 3–2a, 3–2b. The HT1 and HT2 basalts are mostly alkali 
basalts and are found to the eastern part of the northwest plateau. They have higher 
concentrations of incompatible elements and show extreme fractionation of the REE. The 
HT2 basalts are more picritic than the HT1 basalts and commonly are characterized by 
high 3He/4He ratios (R/Ra >10) (Marty et al., 1996; Pik et al., 2006) and unradiogenic Os 
isotopic compositions (Rogers et al., 2010). Primary magma of HT2 basalts would have 
generated by high temperature melting possibly within the head of Afar plume (Pik et al., 
1999; Kiffer et al., 2004; Beccaluva, et al., 2009; Rogers et al., 2010). The HT1 lavas 
have intermediate composition, which are estimated as derived from mixing of plume and 
depleted mantle components. However, the existing studies in the Ethiopian plateau and 
rift region have been carried out at a regional scale (e.g., Hart et al., 1989; George, 1997; 
Trua et al., 1999; Pik et al., 1999; Ayalew et al., 2000; George and Rogers, 2002; 
Beccaluva et al., 2009; Kabeto et al., 2009; Natali et al., 2016), and detailed investigations 
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on single section of a plateau is scarce (except Kieffer et al., 2004; Meshesha and Shinjo. 
2007, 2010; Rooney et al., 2013).  
 
 
2.1.3. Melting conditions 
 
  East Africa, which is characterized by Cenozoic flood basalts and magmatic rifting 
offers a unique opportunity in understanding the relationship between mantle temperature, 
and the production of melt. A controversy concerns the temperature of the Afar mantle 
(Rooney et al., 2012b; Fergusan et al., 2013), which exerts a fundamental control on the 
depth and extent of melting and is a key parameter in understanding the ongoing 
magmatism and thermal structure of the upper mantle. Fergusan et al., 2013 interpreted 
mafic lavas from different thermal regimes, which erupted on- and off-axis vents and 
fissures from the Dabbahu segment west-central Afar (Fig. 1–2) to understand thermal 
structure of the upper mantle. Calculated equilibrium pressure P and temperature T 
conditions between the major-element composition of the lavas and mantle peridotite 
indicate that the axial lavas formed at 2.3–2.6 GPa and 1472–1489 °C. Off-axis lavas 
generated consistently at lower and more variable values of 1301–1396 °C and 1.1–1.9 
GPa. The geochemical modelling also shows that significant asthenospheric upwelling 
and melting beneath central Afar is presently confined to depths greater than around 80 
km. They suggested that the ongoing magmatism beneath Afar requires the underlying 
mantle to have an elevated potential temperature of around 1,450 °C. Similarly, Rooney 
et al., 2012b reported petrologically derived estimates of mantle potential temperature 
(Tp) for a suite of primitive magmas erupted in East Africa. They showed that mantle 
potential temperature is elevated throughout Afar and Djibouti with a maximum 
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temperature anomaly of 140 °C above ambient mantle, though Oligocene flood basalts 
display anomalies as great as 170 °C. The most consistently cool regions are southern 
Ethiopia and along the western branch of the East African rift. The authors suggested that 
elevated mantle temperatures are pervasive feature of the upper mantle beneath East 
Africa. 
 
 
2.1.4. Mantle Xenoliths  
 
     The Neogene-Quaternary alkaline lavas from different Ethiopian locations contain 
abundant mantle xenoliths that provide direct information on the subcontinental mantle 
sections across a longitudinal distance of ~1000 km (Fig.1–1; e.g., MER and northern 
Ethiopian plateau: Morten et al., 1992; Roger et al., 1997, 1999; Bedini et al., 1997; 
Bedini and Bodinier, 1999; Conticelli et al., 1999; Ayalew et al., 2003; Lorand et al., 
2003; Rooney et al., 2005; Ferrando et al., 2008; Beccaluva et al., 2011). Overall, three 
types of xenoliths have been recognized: i) Al-augite xenoliths, xenocrysts, and 
megacrysts derived from a system of dykes and veins linked to lithospheric extension, ii) 
norite xenoliths and megacrysts representing cumulates from shallow magma chambers, 
and iii) lherzolite xenoliths and xenocrysts representing the lithospheric mantle that 
experienced a single metasomatic event caused by a silicate melt infiltration (Rooney et 
al., 2005). In the MER axis (Debre Zeyit-Butajira), Rooney et al., 2005 described two 
xenolith suites equilibrated at 1120–1341 °C and P <0.6 GPa.  At Southern MER (Mega 
area, Fig. 1–1) xenoliths vary in composition from spinel-lherzolite to spinel-harzburgite 
are found (e.g., Beccaluva et al., 2011). The authors indicate evidence for modal 
metasomatism beneath the MER, though not abundant, is present, particularly affecting 
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the most refractory lithologies such as harzburgite or clinopyroxene-poor lherzolites. In 
this case, trace-element and isotopic data indicate that the causative agents were alkaline 
basic melts with HIMU-like signature (Beccaluva et al., 2011). Conticelli et al. (1999) 
report spinel-bearing lherzolites, harzburgites (± amphibole), dunites, and olivine-
websterites collected from Quaternary lava flows and cinder cones in the northern 
Ethiopian plateau. The equilibration conditions for the Ethiopian plateau xenoliths were 
estimated at 875–1045 °C and 0.7–1.4 GPa. The authors propose that the mantle 
lithosphere beneath the Ethiopian volcanic plateau experienced thermal recrystallization 
caused by the asthenospheric upwelling, coupled with modal metasomatism due to the 
percolation of asthenospheric magamas. Beccaluva et al. (2011) also reported abundant 
mantle xenoliths included in Quaternary alkaline lavas erupted in northern Ethiopian 
plateau area (Injibara, Fig. 1–1), which are mostly represented by spinel-lherzolites, 
spinel-harzburgites, and spinel-olivine websterites. They suggested that plateau mantle 
portions were refertilized by subalkaline melts which closely resemble the continental 
flood basalt magmas related to the Afar plume, and converted olivine into orthopyroxene. 
Moreover, Ferrando et al. (2008) found spinel-lherzolite pargasite xenoliths hosted in a 
Quaternary basanitic lava flow from the north Ethiopian Plateau (Injibara, Lake Tana 
Province, Fig. 1–1). The rocks show evidence of a modal metasomatism, represented by 
a Cl-rich pargasitic amphibole, coupled with cryptic enrichment in Fe and Al. Recent 
study (Rooney et al., 2017) on pyroxenite xenoliths erupted on the western Ethiopian 
plateau from along the Yerer Tullul Wellel Volcano-Tectonic lineament (YTVL), 
identified three groups of pyroxenite. Group I – characterized by a relative enrichment of 
orthopyroxene, and clinopyroxene with unfractionated heavy rare elements (HREE; 
TbN/YbN = 1.2–1.6). On the basis of relatively unfractionated REE profiles the authors 
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suggest the magma likely of sub-alkaline composition and derived from a spinel peridotite 
may accountable for the formation of Group I xenoliths. Group II – characterized by a 
relative enrichment in clinopyroxene, which have fractionated HREE (TbN/YbN = 1.6–
2.0). They propose that the magma likely of alkaline composition and derived from a 
source with some garnet responsible for the formation of Group II xenoliths. Group III–
characterized transitional xenoliths that between characteristic of Group I and Group II. 
According to this study the magmatic underplate beneath the western Ethiopian plateau 
was formed by multiple episodes of magma-lithosphere interaction, likely developing 
over time rather than in a single event. 
                 
   
2.2. Geophysical data in the Ethiopian volcanic province   
 
2.2.1. Lithospheric structure   
  
  Geophysical and geochemical data from the African continent acquired over the 
past decade provide compelling evidence for rift initiation above a mantle plume as well 
as overall structure of crust and upper mantle. Controlled source experiments in Ethiopia 
provide more detailed pictures of the crust and upper mantle beneath this area 
(Berckhemer et al., 1975; Makris et al., 1975; Behle et al., 1975; Egloff et al., 1991; Keller 
et al., 1992; Maguire et al., 2003; Keranen et al., 2004; Dugda et al., 2005; Mackenzie et 
al., 2005; Maguire et al., 2006), assisting in the discrimination between geodynamic 
models. The Pan-African metamorphic crustal basement is overlain by Carboniferous-
Cretaceous sediments followed by the dominantly Oligocene flood basalts, based on rare 
outcrops in the central MER (CMER) and good exposures in the Southern MER (SMER, 
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Figs. 3–2a, 3–2b; Davidson, 1983; Ebinger et al., 1993). Seismic and gravity data show 
that the crustal thickness beneath both the eastern and western sides of the Ethiopian 
plateau are characterized by thick crust which is generally >38–40 km, and has not been 
modified significantly by the Cenozoic rifting and magmatism (Fig. 2–1a; Berckhemer et 
al., 1975; Kebede et al., 1996; Meckenzie et al., 2005; Dugda et al., 2005, 2007; Stuart et 
al., 2006; Keranen and Klemperer, 2008; Keranen et al., 2009). However, the crustal 
thickness of the western Ethiopian plateau shows variation at 9 ˚N latitude in 
correspondence to the Yerer–Tullu Wellel Volcanotectonic Lineament (YTVL; Abebe et 
al., 1998; Fig. 1–2) traverse structure when the western shoulder thins rapidly from >38–
40 km thick to 34–36 km thick (Berckhemer et al., 1975; Dugda et al., 2005; Stuart et al., 
2006; Dugda et al., 2007; Keranen and Klemperer, 2008; Keranen et al., 2009). The high-
velocity layer (P, ~7.38 km/s) is 8–15 km thick in lower crust, evidenced by the seismic 
survey from the Ethiopian Afar Geoscientific Lithospheric Experiment (EAGLE; Keller 
et al., 2003; Mackenzie et al., 2005). It has been interpreted to be an underplated mafic 
material emplaced in association with voluminous flood basalts and thickening the crust 
to 40–50 km (Meckenzie et al., 2005; Maguire et al., 2006). This layer is believed to be a 
localized feature and not to be a widespread characteristic of the NW shoulder (Keranen 
et al., 2009). The 6.1–6.4 km/s high-velocity bodies are ~28 km thick in the upper crust 
beneath the NW and SE plateaus (Fig. 2–1a). The NW plateau crust is underlain by a ~8.0 
km/s mantle, and the SE plateau uppermost mantle characterized by normal mantle 
velocities of ~8.05 km/s.  
     Along the rift sector, the crust gradually thins to the north, from 38–40 km in the 
SMER and CMER to 25–35 km in the NMER and to about <18–26 km beneath the Afar 
depression, with thinnest values north of the Afar triple junction (Fig. 2–1b; Kebede et 
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al., 1996; Dugda et al., 2005, 2007; Maguire et al., 2006; Stuart et al., 2006; Mickus et 
al., 2007; Keranen et al., 2009). The 6.5 km/s upper crust become thins to ~23 km beneath 
the MER and falls to ~8 km in Afar (Fig. 2–1b). Within the Afar region a highly thinned 
crust was modelled with low sub-Moho velocities of 7.4–7.5 km/s interpreted as high-
temperature upper mantle material (Meckenzie et al., 2005). In general, this geophysical 
data indicates that the crust beneath the rifted regions in Ethiopia has been extensively 
modified by magmatic processes and by the addition of mafic rock in the mid-to lower 
crust (Mackenzie et al., 2005; Maguire et al., 2006; Bastow et al., 2011). The magmatic 
modification increases northwards from the NMER to the southern Afar i.e. towards the 
more oceanic part of the rift (Kendall et al., 2006), consistent with northward increase in 
thinning. The CMER have different geophysical characteristics such as, thicker crust, 
lower magnitude upper crustal velocities and higher uppermost mantle density than in the 
NMER, reflect the lower amount of extension and magmatic modification in the crust 
(and upper mantle) of the CMER (Maguire et al., 2006; Keranen and Klemperer, 2008). 
Dugda et al. (2005) also suggested extension and magmatic modification further decrease 
in the SMER.  
     Furthermore, receiver function techniques imaged lithospheric structure beneath 
Afar and confirmed that the mantle lithosphere has been replaced by upwelling 
asthenosphere (Rychert et al., 2012). The most significant feature indicated in this 
technique is a strong negative lithosphere-asthenosphere boundary (LAB) phase at a 
mean depth of ~75 km on the western flank of the Ethiopian rift. In contrast no strong 
negative phase is imaged beneath the rift, rather a subtle but persistent positive phase is 
observed at a mean depth of ~75 km. Hence, the lack of a strong negative LAB phase 
beneath the rift is interpreted as absence of mantle lithosphere in Afar. The absence of an 
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‘LAB’ type discontinuity in the receiver functions would further confirmed by Armitage 
et al. (2015) and suggested that the lithosphere beneath the rift is melt-filled. The authors 
interpreted that, although one might argue such a melt-filled lithosphere should not be 
called a lithosphere, as it is no longer seismically distinct, it may still behave different 
rheologically than the asthenospheric mantle below. This leading to the relatively narrow 
zone of shallow vertical and along-axis alignment of seismic anisotropy (Hammond et 
al., 2014; Hammond, 2014). On the other hand, Dugda et al. (2007) reported that the 
lithospheric mantle beneath the MER and Afar the lithospheric mantle extends to a depth 
of ~50 km. In general, geophysical data indicate a present-day lithosphere thickness of 
80–90 km, including 35–40 km of continental crust that is variously underplated by basic 
intrusions beneath Ethiopia province (Bastow et al., 2008, 2011). Rooney et al. (2005) 
also suggest, on the basis of analysis of xenoliths from locations in and along the sides of 
the MER, that the lithospheric mantle beneath Ethiopia has been modified significantly 
by silicate melts. 
 
 
2.2.2. Asthenospheric structure 
 
     Numerous global-scale geophysical studies have shown that the mantle structure 
beneath the African plate is characterized by a significant low-velocity seismic zone 
(Ritsema et al., 2011). Tomographic studies in East Africa vary in their estimates of the 
amplitude and precise morphology of the region's anomalously low velocity mantle. 
Although some authors argue for a single plume located beneath East African plateaus 
and associated lateral flow of material toward beneath the Ethiopian lithosphere (Ebinger 
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and Sleep, 1998; Owens et al., 2000; Huerta et al., 2009; Hansen and Nyblade, 2013), 
other investigators proposed that low velocities beneath Afar extending into the lower 
mantle indicating the presence of an Afar plume (Montelli et al., 2006; Chang and Van 
der Lee, 2011). The origin of these two distinct mantle plumes could be linked 
southwesterly to the chemically heterogeneous African Superplume (Furman, 2007; 
Meshesha and Shinjo, 2008). This African superplume, which is a dominant feature of 
the lower mantle, rises across the 410 and 660 km discontinuities into the base of the 
lithosphere somewhere in the region of Ethiopia and the Red Sea-Gulf of Aden (Grand, 
2002; Ritsema and Allen, 2003; Montelli et al., 2004, 2006; Simmons et al., 2007; Li et 
al., 2008; Hansen et al., 2012). For instance, Hansen et al. (2012 based on P-wave 
tomographic image observed that, low velocity anomalies are prevalent beneath entire 
eastern Africa and western Arabia at shallow depths (≤400 km) with a very pronounced 
anomaly situated beneath Ethiopia and Afar (Fig. 2–2a and b). The slow seismic velocities 
continue down through the transition zone, extending to depths of ~700 km beneath East 
Africa (Kenya) and western Arabia and to ~900 km beneath Ethiopia. These velocity 
anomalies appear to be laterally continuous in the upper mantle from the southern end of 
the East African Plateau northeastward to the eastern side of Arabian (Fig. 2–2b). They 
suggested that the low-velocity anomaly beneath the Afro-Arabian Rift System can be 
explained by the African superplume model, where the anomalous upper mantle structure 
is a continuation of a large, thermo-chemical upwelling in the lower mantle beneath 
southern Africa.  
     Existing seismic data and tomographic models show hot asthenosphere throughout 
the length of the EARS. Bastow et al. (2008) resolved a ~500-km-wide P and S-wave 
low-velocity zone at 75 to >400 km depth in the upper mantle that extends from the 
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eastern edge of the MER westward beneath the northern Ethiopian plateau. Within the 
broad low-velocity region, zones of particularly low velocity are observed that have 
absolute delay times indicating that the mantle beneath this region is amongst the slowest 
worldwide. The observations are explained by hypothesis involving high temperatures 
and partial melt beneath the MER and adjacent northern Ethiopian plateau. Moreover, 
Ritsema et al. (2011) in the tomographic model of upper mantle seismic velocity 
anomalies demonstrate that, the Ethiopian mantle is distinctly slower than beneath other 
hotspots (e.g., Hawaii and Iceland). In Ethiopia, plate stretching at different times during 
rift development has likely produced large volumes of decompression melt in the 
asthenosphere that markedly lowered mantle seismic velocities observed beneath the 
region (Bastow et al., 2010; Bastow and Keir, 2011). There is also a distinct, depth-
localized low velocity layer (LVL) above the 410 km seismic discontinuity, which is most 
pronounced where the lowest seismic velocity anomalies are observed in the tomography 
(Thompson et al., 2015). The authors indicated that there must still be reduced seismic 
velocities within the mantle transition zone (MTZ) beneath Afar, and this is probably 
explained through the presence of a warm thermal anomaly. However, there has been 
much debate over the strength of any thermal anomaly in the upper mantle beneath the 
Afar Depression. Rychert et al. (2012) using synthetic waveform modeling indicates that 
sharp velocity drop (11% velocity drop) at 77 km depth beneath the flank of Ethiopian 
rift, but a strong velocity increase (8% velocity increase) near 75 km beneath the rift. 
According to the authors, a small amount of partial melting in the asthenosphere is 
probably required to explain the large, sharp velocity drop. Furthermore, they were 
demonstrated that, mantle potential temperatures of 1350–1400 °C give velocity increase 
centered at 65–85 km depth similar to seismic results mentioned above (Fig. 2–3). While 
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increased potential temperatures expected for a plume, (Tp ≥1450 °C), would increase 
the expected depth of melting to >100 km (Langmuir et al., 1992), outside error bars for 
the depth of the discontinuity of S wave receiver functions (Rychert et al., 2012). 
Therefore, they suggested that little thermal anomaly is required beneath the Afar 
depression. Thompson et al. (2015) based on a receiver function study also addressed a 
seismic low-velocity layer directly above the mantle transition zone, interpreted as stable 
melt layer, along with 520 km discontinuity suggest the presence of a hydrous upwelling. 
Their estimates of the mantle transition zone thickness (MTZ) beneath Afar Triple 
Junction shows little variation at 410 and 660 km discontinuity depth and MTZ thickness 
is 251.6 km, this lies close to, even slightly above, the global average (ranging from 242 
km to 247 km; Flanagan and Shearer, 1998; Gu and Dziewonski, 2002; Lawrence and 
Shearer, 2006; Tauzin et al., 2008). Based on the relatively uniform estimates of the 
transition zone thickness across Afar Triple Junction they suggest that a weak thermal 
anomaly (<100 °C) may be present and that upwelling must be partly driven by 
compositional buoyancy. According to the authors if MTZ hotter than average mantle, a 
likely situation, if upwelling is driven by thermal buoyancy, should produce thinner than 
that expected for MTZ. In contrast, Armitage et al. (2015) based on model of mantle flow 
that incorporates melt generation and retention, melt volume and lithosphere-
asthenosphere seismic structure interpreted that, mantle temperature below Afar is still 
elevated at 1450 °C, and the lithosphere has thinned by about a factor of 2 to 50 km to 
allow significant decompressional melting. Using S-to-P receiver functions they also 
imaged a seismic discontinuity at ~50–70 km depth beneath Afar which was attributed to 
the base of the dry melt zone, requiring a thinned lithosphere (Rychert et al., 2012). The 
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authors proposed that the discontinuity is a consequence of a change in seismic anisotropy 
due to melting.    
     Recent observations also have confirmed that the MTZ can be locally hydrated, 
containing up to 1.5 wt % water (Pearson et al., 2014). The mechanism so-called 
transition zone water filter model (Bercovici and Karato, 2003) predicts a global LVL 
above the 410 due to the passive upwelling of ambient mantle (Fig. 2–4). The original 
model also predicts that the water-filtering mechanism would be suppressed in plume-
affected regions due to increased water solubility with increased temperature and short 
residence times in the MTZ (Bercovici and Karato, 2003). Plume source mantle has been 
shown to have sufficiently high water content (up to 1000 ppm) to significantly exceed 
the upper-mantle storage capacity (Nichols et al., 2002). In particular, upon passing 
through the transition zone, plume material would conceivably absorb less water than 
would ambient upwelling mantle, and plume thus arrive at the surface still relatively wet 
(Bercovici and Karato, 2003).    
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Fig. 2–1. Nature of the crust beneath Ethiopia (a) Cross-sections across the rift axis from 
northwest (NW) to southeast (SE) plateau (b) Cross-sections across along the rift axis 
from southwest (SW) to northeast (NE). Data from the EAGLE controlled-source 
experiment (after Mackenzie et al., 2005; Maguire et al., 2006; Keranen and Klemperer, 
2008). P-wave velocities are given in km/s. HVLC-high-velocity lower crust.   
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Fig. 2–2. (a) P wave tomography image of Afro-Arabian. (b) Cross-sections through 
tomographic image. Cross-sectional view of the P-wave tomography model along profiles 
A-A' (right) and B-B' (left), highlighting the low-velocity features in the African and 
Arabian mantle (Hansen et al., 2012). Dashed lines mark the 410 and 660 km 
discontinuities as well as depths of 800, 900 and 1000 km.   
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Fig. 2–3. Shear velocity profile beneath rift axis for low melt retention (top panel) and 
high melt retention models (bottom) models at 1350, 1400, 1450 °C potential temperature 
(after Rychert et al., 2012). 
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Fig. 2–4. Sketch of the transition-zone water-filtered model (Becovici and Karato, 2003). 
Slabs subducting from cold lithosphere (dark blue) force up a broad background of 
possibly upwelling ambient mantle (arrows) that, upon passing through the high-water 
solubility transition zone (light blue) gets hydrated. The water-filtering mechanism is 
suppressed in mantle plumes (red) due to the plume material's higher temperatures and 
velocities which result in reduced water-solubility and shorter residence times in the 
transition zone, thereby leading to greatly diminished hydration and thus little or no 
melting upon passing the 410-km boundary.  
 
 
 
 
 
 
 
 
 
 
 
 48 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER THREE: GEOLOGICAL AND 
TECTONIC SETTING 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 49 
3.1. Geological Setting  
  
      The East African rift system is one of the examples of continental flood basalt 
provinces comprises two main segments, namely the Kenyan or Gregory Rift and the 
Main Ethiopian Rift (MER). Both rifts are situated on the Ethiopian to the north and 
Kenyan Plateaus to the south, respectively (Fig. 3–2a). Volcanism in East African rift 
system began during the Eocene (~45 Ma; George et al., 1998) in southern Ethiopia, 
resulting in bimodal basaltic flows (Amaro basalts) and associated rhyolites having 
formed 1 km pile. These may represent either the initial interaction of the plume with the 
lithosphere (Ebinger et al, 1993; Ebinger and Sleep, 1998) or relate to a separate plume 
(George et al, 1998). The oldest units were considered to be limited to the southwest (SW) 
Ethiopian Plateau (Berhe et al., 1987; Davidson and Rex, 1980; Zanettin, 1978). The 
initial eruption of the Amaro basalts was geographically widespread, and occurred over 
an extended period lasting ~5 Ma (45.2–39.8 Ma; George et al., 1998; Rooney et al., 
2017). Conformably overlying these units are the Gamo Basalts (39.8 Ma–34.1 Ma), 
within which occurs an important marker bed the widespread Amaro Tuff (36.9 Ma) 
(Ebinger et al., 1993; George et al., 1998). This Amaro/Gamo unit, which erupted over a 
~10 Ma interval is ~500 m thick and occupies an estimated volume of 30,000 km3, thus, 
significantly lower than the subsequent Oligocene flood basalts erupted further north 
(Ebinger et al., 1993; George et al., 1998; Rooney et al.,2017). This early magmatic phase 
is overlain by the Early Miocene syn-rift Getra Kele basalts, which are separated from 
the Amaro Tuff by an angular unconformity (Ebinger et al., 1993).  
     The earliest volcanism followed by the eruption of Ethiopia-Yemen flood-basalt 
province at Late-Oligocene (Figs. 3–2a, 3–2b, 3–3a and 3–3b; Ebinger et al., 1993; 
Hofmann et al., 1997; Pik et al., 1999). The Ethiopia-Yemen continental flood-basalt 
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province is active large igneous provinces (LIP) widely considered to be related to the 
activity of the Afar plume, on the basis of geophysical, geochemical, and volcanotectonic 
features (Hofmann et al., 1997; Ebinger and Sleep, 1998; Pik et al., 1999; Davaille et al., 
2005; Pik et al., 2006; Rogers, 2006; Yirgu et al., 2006; Beccaluva et al., 2009; Bastow 
et al., 2011; Chang and Van der Lee, 2011; Moucha and Forte, 2011; Natali et al., 
2011,2013, 2016). Intensive eruptions of basalt and intercalated silicic volcanics built a 
subaerial volcanic pile typically 700 to 2000 m thick and locally attaining 3000 m (Mohr 
and Zanettin 1988). The total area covered by these volcanic rocks has been estimated as 
600,000 km2, and flood basalts contribute to an estimated volume of 300,000 km3 (Mohr, 
1983; Mohr and Zanettin 1988). Recent study (Rooney et al., 2017) has estimated that the 
total area covered by these volcanic rocks has been 622108 km2. About 90% of the 
preserved volume forms the western and southeastern Ethiopian plateaus, ~9% the 
Yemen volcanics and minor volumes have been also recognized in the Afar depression 
(Coulie et al., 2003). Eruption of flood basalts mainly occurred through fissures (Mohr 
and Zanettin, 1988). Most of the basalts and associated felsic rocks were apparently 
erupted in a short time interval (1–2 million years) with the greatest eruption rates 
occurring from ~31 to 28 Ma, which is inferred to mark the first appearance of the Afar 
mantle plume head (Mohr and Zanettin, 1988; Baker et al., 1996; Hofmann et al., 1997; 
Pik et al., 1998, 1999; Ayalew et al., 2002; Ukstins et al., 2002; Coulie et al., 2003). They 
comprise a wide range of volcanic products that are transitional to tholeiitic basalts in 
character in its lower part with acidic materials more common in the upper part (Ayalew 
et al., 2002; Coulie et al., 2003). This enormous eruption of flood basalts was coeval with 
northeast-directed extension in the southern Red Sea and Gulf of Aden (Baker et al, 1996; 
Hofman et al, 1997; Ayalew et al, 2002; Uskins et al, 2002; Ayalew and Yirgu, 2003; 
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Coulie et al, 2003), but predates the rifting phases associated with the development of 
MER.  
  Following the peak of volcanic activity related to the flood basalt emplacement, a 
number of large, less-voluminous, shield volcanoes (such as Simien, Guna and Megezez, 
Figs. 1–1 and 1–2) were formed on the flood basalt between 30–10 Ma, having created 
locally an additional 1000 to 2000 m of relief (Berhe et al., 1987; Coulie et al., 2003; 
Kieffer et al., 2004; Rooney et al., 2017). The shield volcanoes show age varation from 
northwest plateau (Choke and Guguftu, 22.4 to 23.3 Ma; Kieffer et al., 2004) and 
southeast part of northwest plateau (near Gerba Guracha, 24 to 25 Ma; Rooney et al., 
2017) to southeastward direction in central Ethiopia (15 to 10 Ma; Zanettin et al., 1974, 
1978; Chernet et al., 1998; Wolfenden et al., 2004). In the Northern MER (NMER), early 
eruption of the flood basalts was followed by Mid-Miocene eruptions from shield 
volcanoes along the developing rift shoulders (Termaber-Megezez Formation of Chernet 
et al., 1998). Typical examples of continental flood basalt provinces, such as those of the 
Deccan and Karoo, are described as thick, monotonous sequences of continuous, near-
horizontal flows of tholeiitic basalt. In contrast, the Ethiopian flood basalt province is 
made up of a series of flood basalts overlain by large and conspicuous shield volcanoes 
(Kieffer et al., 2004; Yirgu et al., 2006). Uplift of the Ethiopian plateau commenced 
between 30 and 20 Ma, soon after the eruption of flood basalts, and the high plateaus have 
experienced up to ~ 2 km rock uplift (Pik et al., 2003; Gani et al., 2007). This province 
also contains the youngest and best-exposed sequence of mafic volcanic rocks associated 
with incipient continental break-up. Magmatic activity has been active since the Eocene, 
and is today the surface manifestation of upwelling Afar plume (Vidal et al. 1991; 
Schilling et al., 1992; Marty et al. 1993, 1996; Deniel et al., 1994; Barrat et al., 1998). In 
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the current volcanic and tectonic context, Ethiopia is subdivided into three regions as (1) 
rift-bounding plateaus (the northwestern, southwestern, and southeastern plateau), (2) the 
Main Ethiopian Rift (MER) and (3) Afar (Figs. 1–1 and 3–2b; Kazmin, 1979; Berhe et 
al., 1987; Hart et al., 1989). The NE-SW trending MER cuts on a topographic plateau 
800–1000 km in diameter, and divides it into the western and southeastern Ethiopian 
plateaus. This province thus provides an excellent opportunity to evaluate the issues 
related the continental rifting and the formation of large igneous province. 
  Subsequent volcanic activity (rift stage) commenced approximately at 14 Ma and 
was linked with the initial development of the MER and Afar (Zanettin and Justine-
Visentin, 1975; Kazmin et al., 1980; Tefera et al., 1996). This activity is roughly 
coincident with the onset of rifting, voluminous felsic volcanism, and establishment of 
bimodal volcanic system in the northern MER and the southern Afar region (Natali et al., 
2011). Starting from the early episodes of flood-basalt volcanism, magmatic activity in 
the MER seems to have been episodic rather than continuous (Girdler, 1983; 
WoldeGabriel et al., 1990) and showed different characteristics in the different rift 
segments. Volcanism continued in episodic manner between ~20 and 10.6 Ma, although 
previous study suggest hiatus in volcanism and this was a period of tectonic quiescence, 
corresponding to a period of erosion on the Ethiopian plateau to the north (Pik et al., 
2003).  
     From Upper Miocene to the recent, the magmatism in MER is characterized by 
localized volcanism in an axial extensional zone (Kazmin, 1979), or the Wonji Fault Belt 
(WFB; Mohr, 1967; Chernet et al., 1998; Acocella et al., 2003), and the axial ranges of 
the Afar (Figs. 1–2 and 3–1). South of 8.5°N, the Wonji fault belt appears offset within 
the MER toward the Somalian plate (Southeast plateau) and is flanked to the west by the 
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Silti Debre Zeyit fault zone (SDFZ), in which magmas fractionate at various depths 
throughout the crust (Rooney et al., 2005, 2007; Rooney, 2010, 2011; Mazzarini et al., 
2013). Beginning in the Upper Miocene and continuing throughout the Pliocene, silicic 
volcanic centers emerged from the rift-floor (Kurz et al. 2007). In the northern MER 
(Adama basin) trachytic flows are locally onlapped by a contemporaneous sequence 
basalts and ignimbrites (Kesem Formation of Wolfenden eta al., 2004), whose base is 
dated at ~10.5 Ma. The top of Adama basin is marked by widespread ignimbritic episode 
dated at 6.6 Ma (Wolfenden et al., 2004); with intercalated minor silicic and mafic lavas, 
occur throughout the northern MER (Nazret Group, Fig. 3–1; Chernet et al., 1998). 
Wolfenden et al. (2004) suggest that there was a hiatus in volcanism between 6.5 and 3.2 
Ma within the northern MER, following deformation toward a narrow zone in the rift 
center. The sequence is followed by Upper Pliocene basalts (known by different names 
in different localities, e.g., Wolenchiti, Bishoftu, Bofa, Tullu Rie basalts; Chernet et al., 
1998; Abebe et al., 2005), with ages ranging between 3.5 and 1.6 Ma (Kazmin et al., 
1980; Chernet et al., 1998; Abebe et al., 2005) or <1.6 Ma (Dofan basalts; Feyissa et al., 
2017 and this study). At the end of the Pliocene there is a substantial change in the 
distribution of volcanic activity, concomitant with the activation of the Wonji Fault Belt 
(Corti, 2009).  
     In the central MER volcanism during Upper Miocene-Pliocene characterized by 
minor local volcanic activity such as basaltic flows characterizing the Addis Ababa area 
(Addis Ababa basalts; Abebe et al., 2005), with ages ranging between 7.5 and 5 Ma 
(Morton et al., 1979; Chernet et al., 1998). In southern MER volcanic activity drastically 
decreased in the Upper Miocene-Lower Pliocene, with only limited eruption ~7 Ma-old 
basalts in the rift escarpment. Volcanic activity in this region was then resumed in the 
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Late Pliocene and continued to Early Pleistocene (Zanettin et al., 1978; Rooney et al., 
2010), with bimodal volcanism on the rift-floor. Volcanism during Pliocene widely 
occurred in the floor and margins of Afar, but has been restricted, since the early 
Pleistocene, to axial range of Afar (Christiansen et al. 1975; Chernet et al., 1998; Feyissa 
et al., 2017; Rooney et al., 2017). 
     The subsequent, Quaternary volcanism (Wonji Group; e.g., Meyer et al., 1975; 
Kazmin et al., 1980; WoldeGabriel et al., 1990) in central and northern MER is bimodal 
and spatially associated with the Wonji Fault Belt (WFB) in the rift-floor. The WFB runs 
close to the western escarpment in southwestern Afar and forming a structural link 
between the MER and the Afar Depression. The WFB is arranged in an “en echelon” 
fashion (Di Paola, 1970; Gibson and Tazief, 1970; Gibson, 1974; Wolfenden et al., 2004) 
and it is characterized by the generation of magmatic segments throughout the Quaternary 
(e.g. Fantale, Dofan etc. in NMER, Fig. 1–2). These patterns demonstrate an episodic 
narrowing of the zone of active extension, magmatism, and subsidence. With each 
segment being characterized by one or more silicic center, and associated basaltic 
eruptions (Mohr, 1967; Chernet et al., 1998; Trua et al., 1999; Ebinger and Casey, 2001; 
Acocell et al., 2002; Peccerillo et al., 2003; Abebe et al., 2007; Kurz et al., 2007). 
Radiometric ages of this activity are generally Quaternary (<1.8 Ma; WoldeGabriel et al., 
1990; Chernet et al., 1998; Wolfenden et al., 2004; Abebe et al., 2005; Feyissa et al., 
2017), whereas the last eruptions are estimated to be Holocene-historical in age (Abebe 
et al., 2005). Quaternary volcanism has occurred in the magmatic segments beginning 
~1.6 Ma, along the western rift margin in the central MER, along the Yerer-Tullu Wellel 
Volcanotectonic Lineament (YTVL; Abebe et al., 1998b; Fig. 1–2), and on the southeast 
rift margin. Volcanic activity, associated with magmatic segment, was initially 
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characterized by large volumes of felsic lavas, but at present volcanism within the 
magmatic segment is dominated by fissural basalt eruptions (Kurz et al. 2007; Rooney et 
al., 2017; Mazaaarini et al., 2013). In the southern MER this late activity started with the 
eruption of widespread Pleistocene ignimbrites (1.6–0.5 Ma) that, although younger, may 
be correlated to the Nazret unit that largely characterizes the northern MER (Bonini et al., 
2005). The basalts and successive volcanic activity in southern MER are coeval with the 
Wonji basalts of the northern MER, although they show a higher alkalinity suggesting 
that the southern MER underwent a comparatively minor degree of extension (Zanttin et 
al., 1978). The Afar axial range basalts (Aden series, Figs. 3–3a and 3–3b) lasted from 
the Lower Pleistocene to historic times (Christiansen et al. 1975; Chernet et al., 1998; 
Deniel et al., 1994). Central volcanoes emerge from the upper part of the Afar stratoid 
series and in younger volcanic units (Barberi et al., 1970; Varet et al., 1978). In general, 
important aspects of study area geology are highlighted below and on the geologic map 
of Figures 3–2a, 3–2b, 3–3a and 3–3b.  
 
 
3.1.1. Afar 
 
  Relative stratigraphic position, chronology, lithology, and mode of occurrence are 
the main criteria used to subdivide Afar and northernmost MER (NMER, section 3.1.2) 
volcanic rocks into different units (Figs. 3–3a and 3–3b). In addition to the above criteria, 
the most known localities, where the unit is predominantly exposed and attains its 
maximum thicknesses, is used here for nomenclature purposes where also used the names 
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of few formations are adopted from literature (e.g., Zanettin et al., 1974; Kazmin, 1979; 
Kazmin et al.,1980; Tefera et al., 1996). 
 
  The triangular-shaped Afar Depression covers an area of ~200,000 km2 and is 
bounded by marginal escarpments, which close at narrow axial rift zones and ranges (Figs. 
1–1, 3–3a and 3–3b). It is a well-defined down-faulted depression flanked by western and 
southeastern Ethiopian plateau and to the northeast by the Red Sea Margin. Afar volcanic 
stratigraphy is dominated by basaltic sequences that tend to decrease in age and volume 
toward the interior of the region (Morton et al., 1979; Wolfenden, 2005; this study). The 
oldest units are exposed in the marginal parts of the southern, central and northern Afar. 
Numerous rhyolitic stratovolcanos are built up on the flood basalts. Magmatic activity 
spans the period from Oligocene/Miocene to the present, and overlies Mesozoic 
sediments and Neoproterozoic basement. The magmatic activity is characterized the 
formation of (1) flood basalts, (2) marginal and trap series, (3) stratoid series, and (4) 
axial range, in ascending stratigraphic order (Figs. 3–3a and 3–3b). 
  The basement rocks consist of meta-igneous and meta-sedimentary rocks at the 
edge of the Afar Depression (Figs. 3–3a and 3–3b), which form a part of the Arabian-
Nubian Shield. The basement rocks, except at local highs, therefore, are unconformibly 
overlain by Mesozoic sediments which range in thickness from 500 to 3000 m in most 
parts of Ethiopia. 
  Flood basalt sequences (Traps series) associates with a minor volume of silicic 
volcanics. Rhyolitic centers include massive glassy effusive volcanic rocks, phenocryst 
rich crystalline intrusions which form irregular to dome shaped flows (Ayalew et al, 
2006a). These Oligocene to early Miocene volcanic rocks are found mainly round the 
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edge of the Afar Depression on the Ethiopian and Somalian Plateau. The Dessies series 
is defined as the ~25 Ma basaltic series found in the present-day marginal graben and 
absent in the Afar depression, documented by Ukstins et al. (2002) (Fig. 3–3a).  
  The Miocene to pliocene igneous rocks of the Afar region are divided into the 
Mabla rhyolite series (14–10Ma), the Dahla series (8–6Ma) and Marginal volcanics (< 9 
Ma) (Varet, 1978). There are local variations in the timing and distribution of these series 
(Wolfenden, 2005). The Mabla Series erupted from north-south trending vents and 
consists of rhyolites and ignimbrites with some minor basalt flows (Varet, 1978; Vellutini, 
1990). The Dahla Series consists of basaltic fissural flows (Dahla basalts) up to 800 m 
thick with some rare sedimentary rocks and ignimbrites inter-bedded between the flows 
(Varet, 1978). The Dahla unit is deeply eroded and is covered often unconformably by 
the stratoid series of central Afar. The Marginal volcanics are exposed in the northwest, 
northeast, and southern part of Afar and comprise a succession of welded ignimbrites, 
pumice and rhyolite flows and domes with rare basaltic flows and summit calderas 
(Barberi and Varet, 1975; Barberi and Varet, 1977; Varet 1978). 
  The most extensive volcanic sequence covering about two thirds of the Afar 
Depression is the Pliocene-Pleistocene Afar Stratoid Series, which consists of sequence 
of lava flows, mainly basaltic (Afar stratoid basalts) in composition, with minor 
intercalated subalkaline and peralkaline felsic products (rhyolite flows, domes and 
ignimbrites). The principal volcanic formation, the Stratoid Series, is found in central 
Afar, and is a thick stratiform sequence of basaltic to hawaiite lava flows, resulting from 
widespread fissural activity (Figs. 3–3a and 3–3b; Barberi et al., 1980). The Afar stratoid 
basalts are, by far, the most important geological unit in terms of coverage and 
preservation of igneous features. These basaltic rocks are frequently found to be 
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porphyritic, vesicular, and transitional tholeiites in their geochemical nature (this study). 
Individual basalt flows are between 1 and 6 m thick and the whole series is up to 1500 m 
thick in the central part of the depression. It lies non-conformably on the Dahla Series 
indicating a period of erosion and lowered magmatic activity between the two series 
(Varet, 1978). The term Afar Stratoid Series is here applied to stratiform volcanic series 
of internal Afar ranging in age from 4.55 to 1 Ma (Table 5–5). During the last 4 Myr, 
magmatism in southern and central Afar has been bimodal. In the upper part of the series, 
scarce rhyolite and ignimbrite are often intercalated. In the east and west of the Afar 
Depression the Tranverse volcanics are exposed and intercalated with the top of the Afar 
Stratoid Series. The Transverse volcanics consist of basaltic lava flows with inclusions of 
peridotite nodules suggesting a mantle source (Barberi & Varet, 1975; Barberi & Varet, 
1977; Varet 1978). 
    The Quaternary Axial volcanic ranges are composed of basaltic flows (Afar axial 
range basalts), scoria cones, and silicic rocks and occur along northwest-southeast 
trending narrow rift zones. In most places basaltic fissure eruptions were followed by 
central eruptions that produced differentiates of basalt comprising alkaline and per-
alkaline silicic rocks (Varet, 1978; Tefera et al., 1996). Holocene fissure-fed basaltic lavas 
subsequently erupted along linear axial segments. The distribution of the Afar axial range 
basalts are restricted to internal grabens and marginal zones of central and northern Afar, 
which lasted from the Lower Pleistocene to historic times; K-Ar dating from central Afar 
yielded ages of less than 1 Ma (Table 5–5). The axial volcanic ranges are underlain by 
thin continent-ocean transition-type crust which youngs from the marginal to the central 
zones. These similarities with mid-oceanic ridges have led to the idea that the Axial 
Volcanic Ranges represent oceanic spreading centers (Varet, 1978; Tefera et al, 1996). 
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Thus, the Axial Volcanic Ranges constitute the present axes of spreading in Afar. The 
geochemical and isotopic composition of both Afar stratoid basalts and Afar axial range 
basalts are similar, thus here in this study we grouped as Afar stratoid (hereafter Afar 
stratoid mafic rocks).    
 
 
3.1.2. Northernmost Main Ethiopian Rift (NMER) 
 
  The northern part of the Main Ethiopian Rift is a continuation of the southwestern 
Afar that is interrupted by the Tendaho–Goba'ad Discontinuity (Fig. 1–2). The volcanic 
rocks in the NMER are Tertiary and Quaternary volcanic rocks, exposed at area between 
9 to 10° N latitude (Fig. 3–3b). 
  The Tertiary volcanic rocks are mainly exposed on the plateau and the escarpment 
of MER. The plateau volcanic rocks consist of mafic rocks (Kesem and Termaber series) 
and felsic pyroclastic rocks (Debre Birhan-Gorgo ignimbrite). The rift-escarpment series 
also mainly comprises mafic lavas (Mathabila basalts and scoria cone series) and 
Marginal volcanics. The Mathabila basalts have a ~600-m thickness, and were formed by 
fissure eruption. They are exposed at the western and eastern escarpment of NMER and 
are intercalated with widespread Marginal volcanics. The Marginal volcanics comprise 
ignimbrite, trachytic and rhyolitic sequences which belong to Nazret Group (9–3 Ma, 
Tiercelin et al., 1980; Kazmin and Berhe, 1978) and Oligocene-Mid Miocene ignimbrites 
(Alaje Formation; Chernet etal., 1998; Zanettn et al. 1980) (Fig. 3–3b). The Mathabila 
basaltic rocks from the western and the eastern escarpments were dated by K-Ar methods 
yielding ages between 27 and 4 Ma (Table 5–5, Feyissa et al., 2017; Rooney et al., 2013 
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and this study). They are mostly transitional tholeiite and consist of dominantly aphanitic 
basalts intercalated with plagioclase-phyric basalts.  
  Quaternary volcanic rocks dominate the eastern part of the NMER, as rift-floor 
units, consist of Dofan basalts, Fantale trachytes and scoria cones. The Dofan basalts are 
extensively exposed at central, northern and southern, parts of the NMER (Fig. 3–3b). 
They have a thickness ranging from some tens of meters in flat lying areas to three 
hundred meters in the southern area. Dofan series are mainly mildly alkaline (transitional) 
to alkaline type and have K-Ar ages ranging from 3 to 0.2 Ma (Feyissa et al., 2017 and 
Table 5–5). The lavas are generally cut by step faults in central and southern areas. They 
are typically vesicular, aphanitic and olivine-phyric basalt. Recent scoria cones 
sporadically distributed in rift-floors are also included in the Dofan basic series. The 
Fantale felsic rocks are exposed at the southernmost part of the study area, mainly at the 
base of Fentale and Dofan areas. Two samples from the Dofan and Fantale DM-102 and 
MM-554 yielded ages of 0.23 Ma and 0.93 Ma, respectively (Feyissa et al., 2017) and 
belong to a rhyolitic volcanic complex dated at 1.6–0.6 Ma (Kazmin and Berhe, 1978; 
Chernet et al., 1995; Pzz et al., 2006). The Fantale felsic rocks mostly form volcanic 
ridges and isolated domes and are fine-to medium-grained, and dark to brownish gray in 
appearance. Two segments of the Wonji Fault Belt (WFB) are present within the NMER, 
each hosting one or two major felsic centers; Fantale and Dofan in the southern segment 
and Ayelu in the northern-most segment (Fig. 1–1). Recent activity at most of these 
centers is marked by obsidian flows, pumice/ash falls, and ignimbrite flows with 
scoreaceous basaltic flows. 
 Quaternary detrital rocks and evaporites are covered parts of the NMER and Afar 
depression (Fig. 3–3b). Fluvial/lacustrine sediments with thicknesses up to 200 m in 
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places are exposed in many places of the southern, central and northern part of NMER 
and Afar. The lacustrine deposits are mainly composed of shales of bentonitic type, while 
the fluvial portion consists of occasional thin intercalations of sand and silt.  
 
  
3.1.3. Southern Ethiopia 
 
     Yabello and Amaro areas are located in the southernmost part of the SE Ethiopian 
plateau and northern part of the broadly rifted zone (Turkana Depression) (Figs. 3–2a, 3–
2b). Volcanic rocks in the Yabello area occurs lava flows, spatter cones, scoria cones and 
maars, and are dominantly basaltic in composition, with pyroclastic deposits and minor 
phonolites, trachytes and rhyolites. Quaternary lavas occur extensively in northern 
(Bobam-Nechisar area) and southern (Mega area) parts of Amaro and Yabello areas. 
Exposures of this unit mostly found as channel filling lava flows, as well as on slopes of 
the spatter cones and sometimes associated pyroclastic deposits in the volcanic centers 
(craters). The basaltic flows are microporphyritic and vesicular and contain abundant 
mantle xenoliths. There were three major episodes of basaltic magmatism in southern 
Ethiopia: pre-rift tholeiitic and transitional basalts at 35–45 Ma, syn-rift alkaline basalts 
at 10–19 Ma, post-rift tholeiitic basalt at 3-4 Ma, and alkaline basalts at <1 Ma (Davidson 
and Rex, 1980; Ebinger et al. 1993; Stewart and Rogers 1996, Yemane et al., 1999). The 
Amaro region (northern part of the delineated area, Fig. 3–2b) is virtually the area within 
the uplifted Ethiopian plateau region where the base of the volcanic succession can be 
seen similar to northwest Ethiopian plateau. In the Amaro area, uplift and faulting expose 
a sequence of basalts, rhyolites, trachytes, and volcano sedimentary rocks overlying the 
metamorphic basement. In the southern Ethiopia the main Ethiopian rift begins to 
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broadens in to two basins separated by the 20 km wide Amaro horst: the 40 km wide 
Chamo basin to the west and the 30 km Gelana basin towards the east (Ebinger et al., 
1993) and connected to Kenya rift along the broadly rifted zone (Turkana Depression). 
According to Ebinger et al., (1993), George et al., (1998) and George and Rogers, (2002) 
the tholeiitic basalts are termed as the Amaro-Gamo sequence and the alkaline basalts as 
the Getra-Kele sequence. They were dated 35–45 Ma and 12–19 Ma, respectively by 
40Ar/39Ar and K-Ar methods (Ebinger et al., 1993; WoldeGabriel et al., 1991; George et 
al., 1998). The northern Quaternary volcanic rocks exposed in the Bobam-Nechisar area 
are termed Tosa-Sucha volcanics (George and Rogers, 1999) comprising a suite of mildly 
alkaline basaltic and intermediate rocks of Plio-Pleistocene age from the Chamo graben 
of the southern Ethiopian rift. The southern MER samples which outcrop in the 
northwestern to northcentral part of the studied area (Amaro and Yabello areas, Fig. 3–
2b) are alkaline basalts were dated by K-Ar methods yielding ages of 17–11 Ma and 1.24–
0.55 Ma (Table 5–5). It has been suggested that the volcanic activities of the alkaline 
basalts, which are dated between 17 and 11 Ma were attributed to the northward 
propagation of southern Ethiopian rift (Ebinger et al., 1993; George et al., 1998; Bonini 
et al., 2005). The samples that form the basis of this study are 11–17 Ma and <1.5 Ma 
alkaline mafic volcanic rocks from the southern Ethiopian rift are lithologically and 
geochronologically equivalent to Getra-Kele (12–19 Ma) and Tosa-Sucha (<1 Ma) lavas, 
respectively (Ebinger et al., 1993; George et al., 1998; George and Rogers, 1999, 2002).  
The 11–17 Ma and <1.5 Ma alkaline mafic volcanic rocks hereafter termed as Getra-Kele 
and Tosa-Sucha mafic rocks, respectively (Figs. 3–2b, 5–3 and 5–4).   
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3.1.4. North Ethiopian plateau 
 
     The basaltic plateau is almost entirely composed by lava flows (occasionally 
including dyke swarms; Mège and Korme, 2004), and overlies Mesozoic sedimentary 
units or the Pan-African crystalline basement (Beccaluva et al., 2009 and references 
therein Fig. 3–2a, 3–2b). Earlier studies suggest that the Ethiopian plateau flood volcanics 
were emitted over a distinct volcanic stages or episodes: pre-Oligocene stage (Ashange 
basalt), Oligocene-Miocene stage (Aiba and Alaje basalts and rhyolites), and Miocene 
stage Termaber Formation, in ascending stratigraphic order (Zanettin and Justin-Visentin, 
1974; Mohr, 1980; Brehe et al., 1987). The three stages are described within the eastern-
most margin of the northwestern Ethiopian plateau volcanics (Zanettin and Justin-
Visentin, 1974; Mohr, 1980; Berhe et al., 1987) in and surrounding areas of Lalbela and 
Maychew area (Fig. 3–2b). The Lalibela and Maychew area located in the eastern corner 
of the northwestern Ethiopian plateau covers an area of about >200 km2 and the thickest 
and the most complete succession of Ashenge, Aiba and Alaje volcanics can be observed. 
The lower-most mafic lava sequence (Ashange hereafter high-Ti2 basanites, Figs. 5–3 
and 5–4) is in fault contact with Cretaceous Sandstone and Jurassic Limestones (Kazmin, 
1975). In Ethiopia, the lowest flood basalt was dated at 31.2 Ma (Hofmann et al., 1997; 
Ukstins et al., 2002), however, the 2σ error recalculated by Ukstins et al. (2002) for this 
sample (1.2 Ma) permits the initial flood basalt phase to have begun earlier. A rhyolite 
from near Lake Tana was dated using zircon at 31.11 Ma (±0.04 Ma) (Prave et al., 2016) 
but is underlain by basalt, again permitting an earlier date. The reported 40Ar/39Ar mineral 
ages of volcanics in and near the Maychew area ranges between 30.9 and 29.2 Ma 
(Hofmann et al., 1997; Coulie et al., 2003; Kieffer et al., 2004). The whole-rock K-Ar age 
of basalts dated in Maychew area which corresponds to the lower-most sequence gave 
 64 
26.2 Ma (Jones, 1976). However, Kieffer et al. (2004) dated 40Ar/39Ar age of plagioclase 
separate from alkaline picrite from Maychew area at 30.99 ± 0.13 Ma. Hence, in younger 
age determined by Johns (1976) is likely caused by argon loss in these weathered 
formations. The youngest age (29.2 Ma) in this area was obtained from ignimbrite layers 
exposed at the uppermost part of the sequences (Kieffer et al., 2004).  
     In contrast to the above classification, on the basis of their geochemical 
compositions the northwestern Ethiopian flood basaltic lavas are represented as 1) low-
Ti (LT) tholeiites in the north-western periphery, 2) high-Ti1 (HT1) tholeiites in the 
intermediate position, and 3) very high-Ti (high-Ti2) transitional basalts and picrites 
interbedded with minor high-Ti1 tholeiites and locally topped by rhyolitic differentiates 
in the eastern part of the plateau area (Pik et al., 1998, 1999; Beccaluva et al., 2009, 
2011b; Natali et al., 2011). The high-Ti2 (HT2) transitional basalts and picrites (hereafter 
HT2 mafic rocks) are exposed in the southeastern and eastern part (Fig. 3–2b) of 
northwestern plateau. Moreover, the lowest sequence of flood basalts (HT2 basanites) 
underlain by sedimentary rocks and geochemically distinct from previously reported 
high-Ti2 transitional basalts and picrites (HT2 mafic rocks) are analyzed in this study. 
The HT2 mafic rocks and HT2 basanites, concentrated in the Maychew and Lalibela 
district where the volcanic pile is ~2 km thick. GIS-based reconstruction of the high-Ti2 
lavas accounts for ~50,000 km3 (Natali et al., 2016), covering eastern part of a 
northwestern plateau area, that corresponds to 11.4% of the whole northwest Ethiopian 
plateau flood basalt volume (439,032 km3; Rooney et al., 2017). The low-Ti basalts 
(hereafter LT mafic rocks) occupy the western portion of northwestern part of the plateau 
and continue northward into Eritrea (Figs. 3–2a, 3–2b; Beccaluva et al., 2009; Kieffer et 
al., 2004; Teklay et al., 2005), and westward into Sudan (Kenea et al., 2001; Lucassen et 
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al., 2008). They are the predominant flood basalt group by volume (Beccaluva et al., 
2009). These low-Ti and hgh-Ti magma types do not reflect a temporal source evolution 
but rather indicate a spatial control (Fig. 3–2a, 3–2b). Overall the northwestern plateau 
may be subdivided into two distinct sub-provinces: low-Ti (LT) and high-Ti (HT1 and 
HT2), Pik et al. (1998).  
 
 
3.2. Tectonic Setting 
 
     The East African Rift System (EARS) forms the third arm of the African-Arabian 
rift-rift-rift triple junction join in Afar (Fig. 1–1; McKenzie and Morgan, 1969; McKenzie 
and Davies, 1970). It is the least evolved and the youngest of the three rift arms (EARS-
Red Sea-Gulf of Aden rft) and terminates at the Tendaho Goba’ad discontinuity in central 
Afar (e.g., Tesfaye et al., 2003; Wolfenden et al., 2005; Bellahsen et al., 2003; Fig. 1–2). 
The EARS is composed of a system of fault-bounded elongated basins, with or without 
surface magmatism, running for about 3000 km in a roughly North–South direction from 
the Afar depression to Mozambique (Girdler, 1991; Prodehl et al., 1997; Manighetti et 
al., 1998). The Afar and MER, represents the northernmost terminus of the EARS. These 
two kinematically distinct intracontinental rift systems are at different stages of evolution 
(e.g. Billham et al., 1999; Hayward and Ebinger, 1996). The Miocene-Holocene East 
African Rift in Ethiopia subaerially exposes the transitional rifting processes from 
continental rifting to continent-ocean transition within a young continental flood basalt 
province, making it an ideal study location for continental breakup processes and hotspot 
tectonism. The anomalous uplift and the occurrence of local wide spread volcanism prior 
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to rift initiation indicate that rifting in East Africa is associated with the thermal and 
dynamic consequences of mantle plumes acting at (or near) the base of the lithosphere 
(Corti, 2009). 
 
  The Afar rift in Africa is an example of active continental rifting, where a mantle 
plume probably weakened the lithosphere through thermal erosion and magma infiltration. 
Although the absolute timing and significance of tectonic and magmatic events in Afar 
are debated (Barberi et al. 1975, 1982; Berhe, 1986; Hart et al 1989; WoldeGabriel et al., 
1990; Wolfenden et al., 2005), it appears that continental rifting commenced at ~25 Ma. 
The Afar rift is cited as one of the few examples of an emerged ocean-continent transition 
rift (Barberi et al., 1975, Rooney et al., 2007). Incipient ocean-continent transition in 
Ethiopia is evident in eastern Afar (the Asal Rift), which is the onshore westward 
extension of the Gulf of Aden spreading ridge (e.g., Ruegg and Kasser, 1987; Stein et al., 
1991; De Chabalier and Avouac, 1994). The Red Sea Rift arm encompasses incipient 
ocean-continent transition in northern Afar, including the currently active Dabbahu and 
Erta Ale Rift segments (Figs. 1–2, 3–3a). Progressive weakening of the lithosphere in 
Afar, associated with heating and thermochemical erosion of the lower crust (Rooney et 
al., 2007) resulted in the onset of ocean-continent transition rifting. The ocean-continent 
transition stage began at 5.3 Ma (Hart et al., 1989) and continued into the Holocene, 
whereas the development of the axial ranges in northern and central Afar have started 1.2 
Ma (Barberi, Borsi et al., 1972) or even later (De Fino et al., 1973b; Stieltjes 1973a; 
Barberi and Varet 1977).  
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  Based on structural features, the MER is subdivided into southern, central, and 
northern sectors (Fig. 1–2). The transition from the central to the northern sector is 
marked primarily by a change in trend of the rift margins from NNE-SSW (central) to 
NE-SW (northern) (Hart et al., 1989; WoldeGabriel et al., 1990; Bonini et al., 2005). 
Rifting in the MER also occurred in conjunction with upwelling of hot mantle material 
(Afar mantle plume; Davidson and Rex, 1980; WoldeGabriel et al., 1990; Chernet et al., 
1998; Wolfenden et al., 2005; Bonini et al., 2005), whose origin is connected to the 
African Superplume found in the lower mantle. The rheological and dynamic effects of 
the warm plume material may enhance thinning and weakening the lithosphere. This 
activity may lead to the reactivation of the pre-existing weakness, when external boundary 
conditions (e.g., plate-boundary forces) allowed the initiation of the rifting (Courtillot et 
al., 1999; Coulié et al., 2003). Recent studies (mostly geophysical studies) in the MER 
support this observation, and suggest that rift location and initial evolution has likely been 
controlled by a NE-SW-trending lithospheric weakness zone separating Proterozoic 
basement terranes, underlying the western and eastern Ethiopian plateaus (Bastow et al., 
2005, 2008; Keranen and Klemperer, 2008; Corti, 2008; Keranen et al., 2009). Under 
these conditions, normal faulting and lithospheric thinning are restricted to the weak zone 
(Fig. 1–2). As a consequence, the initial phases of continental rifting in the MER 
correspond to the activation of long, widely-spaced and large-offset boundary faults, 
above the strong-weak rheological interface characterized by a general en-echelon 
arrangement. These faults gave rise to major fault-escarpments separating the rift floor 
from the western and eastern Ethiopian plateaus (Fig. 1–2). Deformation on these faults 
was accompanied by progressive subsidence of the rift depression and the development 
of locally asymmetric basins (Corti, 2009). The large-offset border fault system along the 
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rift has been mostly active until about 2.0 Ma and is progressively (at least in the NMER) 
largely deactivated (Ziegler and Cloetingh, 2004; Corti, 2009; Agostini et al., 2011). This 
first rift phase (Miocene-Pliocene) was associated with spread bimodal volcanic activity, 
which encompassed the entire rift depression, and eruption of widespread volcanic 
products mainly occurred through boundary faults and pre-existing weakness (Ebinger et 
al. 1989; Corti et al. 2002, 2003a, 2004). Contemporaneously, lateral magma migration 
favored magma accumulation outside the rift (below the rift flanks), and development of 
large volcanic centers on the eastern and western rift shoulders (Bonini et al., 2001; Corti 
et al., 2004). Furthermore, Rooney et al. (2014a) reported that the Pliocene-Quaternary 
Akaki Magmatic Zone along the western margin of the central MER. The ﬁeld consists 
of scoria and spatter cones and associated lava ﬂows. 
     Progressive deformation phase leads to migration of faulting from the rift 
boundaries (rift margins) to the rift-floor. It involves shifting of extension from the few 
widely-spaced with large vertical displacements boundary faults to the right-stepping 
arrangement of dense fault swarms with small vertical offset of the Wonji segments at 
about 2.0 Ma (Boccalettietal.,1998; Giaquintaet al.,1999; Ebinger and Casey, 2001; 
Casey et al., 2006) (Fig. 1–2). The shift was concomitant with a localizing of Quaternary 
volcanic activity in the center of the rift-floor along the Wonji faults generating magmatic 
segments (Bonini et al., 2005; Wolfenden et al., 2004). Since 1.8 Ma, bimodal volcanism 
has been largely correlated with the Wonji fault belt (Bonini et al., 2005; Wolfenden et 
al., 2004). As the magmatic activity localized on Wonji faults, the lateral magma 
migration feeding off-axis volcanism is ceased (Corti, 2003, 2004; Bonini et al., 2005). 
This late stage rift evolution is assisted by magmatic processes and requires a magmatic 
control on the change in deformation style from the boundary faults to the magmatic 
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Wonji segments (Fig. 1–2; Kendall et al., 2005). Supply of hot magma accommodates 
strain by magma intrusion, faulting and dyking, and magmatic processes induce the 
abandonment of boundary faults and the activation of volcano-tectonics Wonji segments 
(Buck, 2004, 2006). As soon as magma intrusion is concentrated within Wonji fault 
segments, the thermo-mechanical effects of injection cause strong modification of the 
extending lithosphere, with great weakening and strain localization (Corti, 2009). Analog 
models of mechanical weakening of the lithosphere due to magmatism have confirmed 
that massive melt intrusion and the associated strength reduction may induce lithospheric 
thinning and be able to drive continental break-up (e.g., Callot et al., 2001, 2002; Corti et 
al. 2007a). However, oceanic rifting still has not commenced in the MER yet (Wolfenden 
et al., 2004; Rooney et al., 2011).  
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Fig. 3–1. Schematic regional stratigraphic relationships and nomenclature for the Ethiopia 
volcanic rocks. Stratigraphic nomenclature and approximate age ranges are compiled 
from sources mentioned in the text. Symbols W = west, SW = southwest NW = northwest, 
SE = southeast plateau. 
 90 
 
 
Fig. 3–2a. Magmatic activity in Africa and parts of the Arabian Peninsula from 45 to 22 
Ma and divided into three broad periods of magmatic activity (Rooney et al., 2017): (A) 
Eocene Initial Phase (45–34 Ma), (B) Oligocene Traps phase (~33.9–27 Ma), (C) Early 
Miocene resurgence phase (26.9 Ma to 22 Ma). These data are derived from: Yemen 
(Grolier and Overstreet, 1978; USGS, 1963); Ethiopia (Davidson, 1983; Tefera et al., 
1996); Eritrea (Abbate et al., 2014; Teklay et al., 2005); Sudan and S. Sudan (GMRD-
Sudan, 1981; Kenea et al., 2001); Djibouti (Le Gall et al., 2015); Somalia (Kassim et al., 
1992); Kenya (BEICIP, 1987; Key and Watkins, 1988; Ochieng' et al., 1988; Walsh and 
Dodson, 1969; Wilkinson, 1988). Background image is a composite image that is 
comprised of a colored SRTM (NASA) digital elevation model (PIA04965) overlain by 
elevation derived from GeoMapApp. 
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Fig. 3–2b. Geological sketch map of Ethiopia showing the spatial proportions of 
Proterozoic-Palaeozoic, Mesozoic-Cenozoic and Tertiary-Quaternary terrenes (modified 
from Tefera et al., 1996; Conticelli et al., 1999). The approximate broken line separates 
the north Ethiopian plateau into low-Ti sub-province and high-Ti sub province flood 
basalt province (Pik et al., 1998). Location of samples analyzed in this study from north 
Ethiopian plateau (Maychew area), Afar and NMER and SMER (Yabello and Amaro 
area) denoted by dash line rectangle. Cross-section along AA' shows elevation for the 
north Ethiopian plateau to MER and Afar rift region as indicated on Fig. 5–1. 
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Fig. 3–3a. Geological and structural map of Afar depression from Stab et al. (2015) after 
age modification for some units. Miocene unit represents the volcanic sequence described 
in this study (e.g., the Mabla rhyolite and Dahla basalts) and Djibouti Formation not 
described in this study. Major faults are defined as faults with throws >100 m. 
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Fig. 3–3b. Geological map of Afar and northernmost Main Ethiopian Rift region (NMER; 
modified from Beyene et al., 2005). The location of NMER is area between 9° to 10° N 
latitude.  
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4.1. Samples 
 
     The samples for this study were collected from the different Ethiopian volcanic 
provinces include MER (NMER and SMER), Afar and northwestern (NW) plateau during 
the different field seasons. The sampling profile in NMER and Afar represents about 400 
km N-SW transect between 9° to 12° 30’ N latitude covers a rift-escarpment and rift-floor 
(Figs. 3–3a and 3–3b). Sampling from NMER was conducted in 2009 during regional 
geological mapping of the central Ethiopian plateau and rift organized by the Geological 
Survey of Ethiopia, whereas sampling in Afar was conducted in 2013 through Institute 
for Planetary Materials, Okayama University sponsorship. Sampling from NW plateau 
was conducted during geological mapping of Maychew area (high-Ti sub-province, Fig. 
3–2b) in 2006. Sampling has been based on two field seasons in 2000 and 2005 for 
Yabello and Amaro areas (southern Ethiopia, Fig. 3–2b) during geological mapping 
organized by Geological Survey of Ethiopia. In particular, the samples analyzed for this 
sector were mainly collected from the rift-escarpment and rift-floor of southern MER 
(SMER). Latitude and longitude of the sampling locations was undertaken for mapping 
the different volcanic units (particularly for 2005, 2006, 2009 and 2013 field seasons), 
using Global Positioning System (GPS). Topographic maps at a scale 1:50,000 and 
1:250,000 were used as base maps for data collection. The samples analyzed and 
discussed in this thesis are mafic compositions (<54 wt% SiO2) representing a time span 
from ~30 Ma to <1 Ma. This investigation is thus more comprehensive than previous 
studies, since it includes both detail and broader regional coverage and/or include samples 
that range from Oligocene to recent. With regards to the geochemical and isotopic 
investigation, the least altered and most representative volcanic rocks were selected and 
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analyzed. Samples were chosen for geochemical and isotopic analyses based on field, 
petrographic, and geochronologic (K-Ar) information so as to best represent diversity of 
mafic volcanism within Ethiopian province. In order to assess the chemical heterogeneity 
within the Ethiopian province, I incorporate studies of mafic lavas from central to north 
MER (Butajira, Debre Zeyit and Wonji Fault Belt basalts; Rooney et al., 2005, 2012a), 
southwest Ethiopian plateau (SW Ethiopia, Wollega basalts; Ayalew et al., 1999), and 
northwestern plateau (low-Ti; Pik et al., 1998, 1999 and high-Ti2; Natali et al., 2016). To 
broaden my regional scope, I compare the Ethiopian province lavas to basalts from Kenya 
Rift (Rogers et al., 2000) and Red Sea (Altherr et al., 1990).    
 
 
4.2. Analytical Methods 
 
  All the analyses were carried out at the Pheasant Memorial Laboratory (PML), 
Institute for Planetary Materials, Okayama University at Misasa, Japan (Fig. 4–1). 
 
 
4.2.1. K-Ar dating 
 
     Forty-five representative samples from central to southwestern Afar Depression 
and floor and escarpment of NMER and SMER were dated by K-Ar method (Table 5–1). 
K-Ar ages dating for selected samples were carried out on groundmass separates. 
Examination of thin sections was conducted in order to check the freshness of the selected 
samples. The samples were crushed into roughly <5mm grains by a jaw crusher followed 
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by grind with a disk mill and sieved to get 60 to 80 mesh size fractions. Then, phenocrysts 
were removed using Franz isodynamic magnetic separator. The separated groundmass 
sample was washed with distilled water in the ultrasonic bath and then dried in an oven 
at 110 °C. A fraction of separated groundmass (1–2 g) was pulverized into powder for K 
analysis using silicon nitride mortar. 
 
 
4.2.1.1. Argon Analysis 
 
  Abundance of radiogenic 40Ar was determined by isotope-dilution mass 
spectrometry following the method of Nagao et al. (1996) and using the modified 
VG5400 (Micromass, UK). Samples were weighed at 500 mg in an Al capsule, and placed 
in an evacuated cell. To remove adsorbed volatiles, the sample chamber (containing 50 
specimens) was baked at 250 ˚C in vacuo for more than one day. Argon was extracted by 
fusion of the samples at 1500 ˚C in a Mo crucible, and delivered to an ultra-high vacuum 
purification cell. The 38Ar-enriched spike was doped into extracted Ar in a cryogenic 
charcoal (–190 ˚C), followed by purification with Zr-V-Fe (St 172) and Al-Zr (St 101) 
alloy getters. Isotopic analyses were performed in a static-vacuum condition. Single-
collector peak jumping was employed using a photomultiplier and instrumental mass bias 
was corrected externally using replicated analyses on the reference air standard. 
 
 
4.2.1.2. Potassium Analysis 
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  The abundance of K was determined by flame emission spectrometry using the 
Shimadzu AA-6200 system. Pulverized sample were weighed (20 mg) into a Teflon vial, 
then decomposed with HF-HClO4 following the method of Yokoyama et al. (1999). After 
decomposition, samples were dried and re-dissolution into a 0.1 M HCl with a dilution 
factor to 1000 to 10,000. The abundance of K in solution ranged from 0.5 to 2 µg/g. The 
Cs buffer was added (2000 µg/g in sample solution) to suppress ionization of K in the 
flame. For instrumental calibration, the reference standards were prepared by dilution of 
K stock solution, to achieve concentrations of 0, 0.5, 1, 1.5, and 2 µg/g. Uncertainty of 
these dilutions is better than 2%  
 
 
4.2.2. Geochemical Analysis 
 
  A total of ninety whole-rock samples were crushed into small chips using high 
pressure hydraulic jack and further were crushed with a jaw crusher to coarse chips of 3-
5 mm in diameter. Then the fresh rock chips were carefully hand-picked and rinsed with 
deionized water in an ultrasonic bath for several times until the supernatants of water was 
clear after rinsing. Chips were then wrapped with Al-foil and dried in an oven at 100 °C 
for more than 12 hours. The dried chips were pulverized into powders using an alumina 
ceramic puck mill. 
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4.2.2.1. Major element analysis 
 
  Abundances of major elements, Cr and Ni were analyzed by X-ray fluorescence 
spectrometry on fused glass beads using a Philips PW2400. Glass beads were prepared 
by fusing rock powder mixed with anhydrous lithium tetraborate (Li2B4O7) in the 
proportion of 1 to 10 ratios of sample and flux (0.5 ± 0.005 g rock powder to 5 ± 0.05 g 
Li2B4O7). The mixture was put into a platinum crucible and set on the automated high 
frequency bead sampler (TK-4200 bead fuse sampler). The sample was melted at 1050 °C 
for 10 minutes with continuous stirring and swirling and finally cast into a glass bead. 
Loss on ignition was measured gravimetrically by weighing 500 to 1000 mg of sample 
before and after heating at 1000 °C in a muffle furnace. Ferrous iron contents were 
determined by titration following the method described by Yokoyama, and Nakamura 
(2002). Duplicated results show less than 1% difference for major elements and less than 
3% for Cr and Ni. 
 
 
4.2.2.2. Trace element analysis 
 
  Trace element abundances were determined by inductively coupled plasma mass 
spectrometry (ICP-MS) using an Agilents 7500cs system following the methods 
described by Makishima & Nakamura (2006), Yokoyama et al., (1999) and Lu et al. 
(2007a). Duplicated analysis show difference typically less than 3%. 
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4.2.2.3. Isotopic analysis 
 
  For Sr, Nd and Pb isotopic determinations, powder samples (50 mg for Sr-Nd, and 
300 mg for Pb) were leached with 6 N distilled HCl at 100 °C for 5 hours to minimize the 
effect of secondary alteration. After the acid leaching, the residue was rinsed with Milli-
Q, and then decomposed with HF-HClO4 for Sr-Nd isotope (Yokoyama et al., 1999), and 
HF-HBr for Pb isotopes (Kuritani and Nakamura, 2002) analyses. The analytical 
procedures for chemical separation and mass spectrometry followed Yoshikawa and 
Nakamura (1993) for Sr isotope measurements, Nakamura et al. (2003) for Nd, and 
Kurtani and Nakamura (2002, 2003) for Pb. Instrumental mass bias was corrected using 
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, whereas the double spike method (Kurtani 
and Nakamura, 2003) was employed for Pb isotope analysis. The composition of double 
spike is 204Pb/207Pb=1.1788062, 206Pb/207Pb=0.0287233, and 208Pb/207Pb=0.0512177, 
respectively, which is calibrated against NIST SRM 982 208Pb/206Pb=1.00016 (Catanzaro 
et al., 1968). Sr-Nd-Pb isotopic compositions were measured by thermal ionization mass 
spectrometry (TIMS) in a static multi-collection mode using Thermo Scientific Triton for 
Pb and some Sr-Nd, and MAT262 for most Sr and Nd. During the course of this analyses, 
NIST SRM 987 Sr standard gave a mean 0.710202 ± 0.000036 (2σ, n=9) for MAT262 
and 0.710276 ± 0.000030 (2σ, n=10) for Thermo Scientific Triton. The in-house Nd 
standard (PMLNd) gave a mean 0.511733 ± 0.000015 (2σ, n=5) for MAT262 and 
0.511736 ± 0.000010 (2σ, n=11) for Thermo Scientific Triton, which corresponds to La 
Jolla 0.511869 and 0.511872, respectively (Makishima et al., 2008). All Nd isotope ratios 
have been normalized to La Jolla 143Nd/144Nd = 0.511860, which corresponds to 
1.000265*143Nd/144Nd of PMLNd100 and all Sr isotope ratios have been normalized to 
NIST SRM 987 0.710240. Epsilon value (εNd) was calculated using 143Nd/144NdCHUR = 
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0.512638 (Goldstein et. al., 1984). The isotopic composition of NIST SRM 981 Pb 
standard gave of 206Pb/204Pb = 16.9424 ± 11 (2σ), 207Pb/204Pb = 15.5003 ± 12 (2σ), and 
208Pb/204Pb = 36.7266 ± 60 (2σ), which agree well with the values obtained by Kuritani 
and Nakamura (2003). Total procedural blank for Sr, Nd and Pb were less than 35, 3 and 
20 pg, respectively. No blank corrections were applied to the data because they are 
negligible. 
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Fig. 4–1. Flow chart of the analytical procedure   
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CHAPTER FIVE: PETROLOGY, K-Ar AGE 
AND GEOCHEMISTRY OF THE 
ETHIOPIAN MAFIC VOLCANIC ROCKS 
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5.1. Petrography and K-Ar age  
 
     Petrographic summary and K-Ar age data for selective mafic lavas are given in 
Table 5–1 and 5–5, respectively. Samples selected for K-Ar dating include lavas from the 
Afar Depression (n=19), NMER (n=13) and SMER (n=10) floor and escarpment areas. 
They represent the spatial, stratigraphic, and chemical diversities observed within each 
region (Figs. 3–2a, 3–2b and 3–3a, 3–3b). Longitudinal variations in K-Ar ages and 
topographic feature through the plateau to rift (Afar and NMER) region are shown on 
Figure 5–1. For these areas, published geochronological data are sparse and of varying 
quality, with the exceptions of some prior works (e.g. Wolfenden et al., 2004; George and 
Rogers, 2002; Rooney et al., 2013; Rooney et al., 2017) who applied high-precision 
40Ar/39Ar dating to mafic and felsic volcanic rocks in the NMER and SMER region.         
  Thin sections were also prepared for the mafic rocks (n=70) among hundred 
samples. Detailed mineralogical analyses were made under an optical microscope. For 57 
samples, modal abundances of phenocrysts were determined by counting ≥2000 points in 
each section. Samples from the rift-escarpment and the rift-floor of NMER and Afar are 
dominantly aphyric or sparsely phyric basaltic and basaltic andesitic lavas. Porphyritic 
lavas contain up to 28 vol.% phenocrysts and microphenocrysts, consisting of plagioclase, 
olivine and augite (Table 5–1). The microphotographs of these rocks are shown on Figure 
5–2. Rift-related alkaline basalts from SMER are commonly porphyritic (up to 30–40 
vol.% of phenocrysts). The phenocryst and microphenocryst mineral constituents of the 
mafic volcanics are plagioclase (plg), clinopyroxene (cpx), olivine (olv), and rare 
orthopyroxene (Opx) and Fe-Ti oxides, as summarized in Table 5–1. 
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5.1.1. Afar stratoid and axial range basalts (<5 Ma) 
 
  Afar is floored by a thick stratoid formation dominated by basalts and recent 
volcanic unit located in the axial position (Afar stratoid and Afar axial basalts, hereafter 
both together referred to as Afar stratoid mafic rocks). The Afar stratoid basalts are 
volumetrically dominant (Fig. 3–3a, 3–3b). Distribution of the Afar axial basalts are 
restricted to internal grabens and marginal zones of central Afar. K-Ar ages of basalts 
(n=19) from Afar stratoid and Afar axial units are shown in Figure 5–2, range from 4.5 
to 1.2 Ma for Afar stratoid series, and 0.79 to 0.12 Ma for axial units. The older age was 
obtained for the stratoid basalts from southwest region, whereas the younger ages are 
obtained for the stratoid lavas from north-central region of this area. This lateral variation 
in K-Ar age is consistent with stratigraphy. K-Ar ages of the axial basalts indicate late 
Pleistocene to Holocene activity. One silicic sample DHA-47 from southwestern part 
from this range was dated at 0.27 ± 0.01 Ma.  
  Both Afar stratoid and Axial basalts are mostly aphyric, but few samples contain 
phenocrysts and microphenocrysts of plagioclase, olivine, clinopyroxene (augite), and 
Fe-Ti oxides with up to 32 vol. % vesicles (Table 5–1, Fig. 5–2a-d). Olivine phenocrysts 
are less common (if present, mostly less than 12 vol. %) as phenocryst phase, and partly 
or perfectly altered into iddingsite. The lavas without olivine as phenocryst phase tend to 
have relatively fine-grained groundmasses (Fig. 5–2c and d). Clinopyroxene is also 
sparsely present (<6 vol. %) and mostly present as microphenocrysts with diameter of 
<0.5 mm. Plagioclase is a rarely abundant phenocryst phase and <20 vol. %. However, a 
few lava samples contain up to 28 vol. % of plagioclase phenocrysts. Most of basalts have 
fluidal texture. The groundmass glasses of such lavas are often completely devitrified and 
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replaced by minute secondary minerals (clay mineral). Zeolites, silica, and carbonate are 
also found in some vesicles and interstitial parts of groundmasses of these lavas. Alkali 
feldspar laths are present in the groundmass together with olivine, clinopyroxene, 
plagioclase, Fe-Ti oxides, and apatite. 
 
 
5.1.2. Mathabila basalts (27–4 Ma) 
 
     Nine mafic lavas (hereafter referred to as Mathabila mafic rocks) from the western 
and southeastern escarpments (Fig. 3–3b) of NMER yielded ages, ranging from 27 to 4.0 
Ma (Table 5–5). The oldest age is similar to that of the Alaji stage and shield volcanoes 
(25 to 22 Ma; Zanettin et al., 1980; Kieffer et al., 2004; Rooney et al., 2017). The Alaji 
flood basalt activity pre-dates formation of the MER and is part of an oval shaped volcanic 
area centered on the northwestern plateau (Kazmin et al., 1980). K-Ar ages reported for 
western escarpment of NMER lavas (6.8 ± 0.2 and 5.8 ± 0.3 Ma; from Chernet et al., 
1998) and western Afar margin (<10 Ma; Rooney et al., 2013) are consistent with those 
obtained in this study (4.95 ± 0.28 and 5.55 ± 0.21 Ma).  
  The Mathabila basalts are aphyric to porphyritic with the volume of phenocrysts 
and microphenocrysts varying from 2 to 25 vol.%. (Table 5–1) (Fig. 5–2e). Phenocrysts 
consist of plagioclase (2–25 vol.%), K-feldspar (4 vol.%), olivine (≤12 vol.%) and 
clinopyroxene (<4 vol.%). Olivines in some samples are partially or completely altered 
to iddingsite. The feldspar microlites are well aligned in the groundmass and shows flow 
texture. The groundmass is composed of olivine, clinopyroxene, plagioclase, Fe-Ti oxides 
with dark interstitial glasses. 
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5.1.3. Dofan basalts (<3 Ma) 
 
  Four K-Ar ages were obtained on Dofan basaltic rocks (hereafter referred to as 
Dofan mafic rocks), from the NMER-floor (Fig. 3–3b) yielding younger than 3.0 Ma 
(Table 5–5). Ages range from 3.0 to 0.2 Ma. The older age was obtained for a rock from 
the periphery of the rift and younger for a rock from the axial area. Chernet et al. (1998) 
reported K-Ar and Ar-Ar ages of 1.5–0.1 Ma for basaltic rocks and 0.6–0.5 Ma for 
rhyolites in the region near Wonji fult (called Wonji Group after Berhe et al., 1978).   
  The Dofan basalts are aphyric and rarely porphyritic (Table 5–1). They usually 
composed 4–14 vol.% plagioclase, and 2–10 vol.% olivine and <3 vol.% clinopyroxene 
phenocrysts and microphynocrysts. Groundmass is very fine as shown in Figure 5–2f. 
Some olivines are moderately altered to iddingsite. The lava samples bearing olivine 
phenocrysts tend to have relatively coarser grained groundmasses which are composed of 
plagioclase laths and blebs of clinopyroxene and olivine with fluidal textures. 
 
 
5.1.4. Getra-Kele basalts (17–11 Ma) 
 
  The Getra-Kele basalts (hereafter referred to as Getra Kele mafic rocks) are alkaline 
mafic rocks exposed in northwestern to northcentral part of the studied area (Amaro and 
Yabello area, Fig. 3–2b). Six samples dated at 16.5–10.8 Ma (Table 5–5). These newly 
obtained ages, along with the existing published one suggest that eruptions of Getra-Kele 
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basalts coincided with the northward propagation of South Main Ethiopian Rift (SMER) 
(19–12 Ma; Ebinger et al., 1993; George et al., 1998; Bonini et al., 2005). 
  The Getra-Kele basalts are commonly porphyritic, with euhedral to subhedral 
phenocrysts of olivine (3–5 vol.%, 0.25–1.5 mm), plagioclase (8–40 vol.%, ~3 mm), and 
augite (0.9–5 vol.%, 1–5 mm) (Table 5–1). The groundmass shows pilotaxitic texture, 
consisting of plagioclase microlites (<1 mm), olivine, clinopyroxene, and Fe-Ti-oxides.  
 
 
5.1.5. Tosa-Sucha basalts (1.24–0.55 Ma) 
 
     The Tosa-Sucha basalts (hereafter referred to as Tosa-Sucha mafic rocks) occur as 
lavas or volcanic cones exposed in the northern part of Yabello and Amaro areas (Bobam-
Nechisar area are termed Tosa-Sucha volcanics; George and Rogers, 1999). Their 
morphologies suggest the products of younger volcanic activity occurred above Pan-
African basement, earlier Tertiary basaltic lavas and rift basin sediments. This inference 
is consistent with K-Ar ages of these samples, ranging from 1.2 Ma to 0.57 and (Table 5–
5), which is consistent to the previous age ranges of 1.34–0.68 Ma (Ebinger et al., 1993). 
 The Tosa-Sucha basalts are porphyritic with phenocrysts composing mainly of 
plagioclase (20–42 vol.%), olivine (10–20 vol.%), and augite (up to 5 vol.%) (Table 5–
1). Olivine phenocrysts are partially iddingtisized along their margins or cracks. The 
abundance of olivine decreases and coarse plagioclase phenocrysts (~3 mm) increases in 
the samples compared to Getra-Kele samples. The groundmass is composed of 
plagioclase laths, olivine, clinopyroxene, and Fe-Ti oxides. They also contain scarce 
carbonates in the groundmass as secondary phase. 
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5.2. Geochemistry  
 
5.2.1. Major element data 
 
     Major element concentrations are reported in Table 5–2. All of the major oxide 
analyses have been normalized to 100% anhydrous before plotting on variation diagrams. 
Analyzed samples exhibit a wider range in compositions. According to the classification 
of Le Bas et al. (1986) based on whole-rock SiO2 and total alkaline abundances (Na2O 
and K2O), they are basanites, picrobasalts, basalts, basaltic andesites and hawaiites. Using 
the criteria proposed by Irvine and Baragar (1971), the mafic lavas are classified into 
alkaline or tholeiitic rock series (Fig. 5–3). All high-Ti2 basanites (HT2 basanites) from 
the northeast (NE) plateau sector are alkaline lavas with a deficiency of SiO2 (SiO2 <45 
wt %, nepheline normative basanites and two picro-basalts). Afar stratoid and Mathabila 
(27–18 Ma) samples from NMER (northern Main Ethiopian Rift) are dominated by the 
sub-alkaline series. The Dofan (<3 Ma) and Mathabila (15–4 Ma) samples from NMER-
floor and escarpment are mildly-alkaline (transitional) to strongly alkaline in composition. 
Previous studies also reported that modern rift basalts are mildly alkalic in composition 
(Furman et al., 2006a; Feyissa et al., 2017). Notably, the lavas from SMER (southern 
Main Ethiopian Rift: Getra-Kele and Tosa-Sucha mafic rocks) are all alkaline rocks with 
composition from basalt, hawiite to mugearite. The MER mafic lavas display similar 
compositional variations with the Dofan (<3 Ma) and Mathabila (15–4 Ma) samples 
(Rooney et al., 2005). The low-Ti (LT basalts; Pik et al., 1998) and high-Ti2 (HT2: 
 113 
transitional basalts and picrites; Natali et al., 2016) mafic lavas from the northern 
Ethiopian plateau are sub-alkaline, although few samples display transitional to alkaline 
affinities. The HT2 plateau lavas comprise only basalts and picrobasalts, whereas LT 
plateau mafic rocks include basalts and hawaiites. 
The CIPW normative compositions for Ethiopian basalts are reported in Table 5–2 
and plotted in Ne-Di-Ol-Hy-Q diagram (Fig. 5–4) after Thompson (1984). The CIPW 
normative calculation was performed as water free basis, with Fe2O3/FeO = 0.15 
(Middlemost, 1989). Mafic volcanic rocks show variation in rock type from quartz 
tholeiite to alkali-olivine basalt through olivine-tholeiite. The norm-based classification 
highlights the alkaline nature of the HT2 basanites from northern Ethiopian plateau and 
Getra-Kele and Tosa-Sucha mafic units of SMER, while olivine tholeiite dominates the 
LT, HT2 plateau lavas and Afar stratoid basic units. The bulk compositions of the HT2 
basanites (3.40–10.8 % nepheline), Getra-Kele and Tosa-Sucha (1.11–9.16 % nepheline) 
mafic lavas are nepheline normative, whereas Dofan and Mathabila mafic lavas are 
mainly characterized by nepheline or quartz normative. With the exception of a few 
samples (nepheline normative), Afar stratoid samples are olivine or quartz normative. The 
LT and HT2 plateau mafic lavas are characterized by normative olivine (except one LT 
sample with quartz normative).  
The SiO2 and MgO contents of the studied mafic samples range from 41.2 to 53.9 
and 2.36 to 11.9 wt %, respectively. Two most primitive samples from SMER have MgO 
concentration 11.9 and 9.04 wt %. Major element concentrations plotted against MgO as 
index of differentiation are shown in Fig. 5–5. Among mafic rocks, major element trends 
appear to reflect removal of olivine, augite, spinel, and plagioclase. Concentrations of 
SiO2, Na2O and K2O display negative correlation with decreasing MgO concentrations 
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(Fig. 5–5a, f and g). CaO is positively correlated, and Al2O3 is negatively correlated with 
MgO, except for Afar stratoid samples which have positive correlations of both CaO and 
Al2O3 with MgO (Fig. 5–5c and e). TiO2, Fe2O3T (total Fe as Fe3+) and MnO 
concentrations do not show clear trend with MgO in studied lavas, except for Afar stratoid, 
Dofan and Mathabila samples which show a slightly negative correlation (Fig. 5–5b, d 
and h). Dofan lava (TG-14, 2.68 Ma) from NMER has significantly higher Al2O3 and 
lower MnO concentrations, than those of analyzed in this study, such a feature is 
interpreted as a result of plagioclase accumulation. This inference is supported by 
petrographic observation. TG-14 includes 14 vol.% plagioclase. For a given MgO the 
HT2 basanites samples have significantly lower SiO2, Al2O3, Na2O, and higher TiO2 
(3.93–5.33 wt %), Fe2O3T (18.1–21.1 wt %) and CaO concentrations than the other series 
of lavas. The Getra-Kele and Tosa-Sucha alkaline lavas have highest MnO concentrations 
than all mafic samples. Except for HT2 basanites (except for K2O), all the series of lavas 
show significant compositional overlaps with published data sets for the LT lavas from 
western edge of northern Ethiopian plateau, (low-Ti; Pik et al., 1998), Butajira (central 
MER; Rooney et al., 2005), and Wollega (southwest Ethiopian lavas; Ayalew et al., 1999). 
The HT2 plateau mafic lavas (Natali et al., 2016), exhibit significantly higher MgO 
concentration (11–21 wt%), but TiO2, Al2O3, and Na2O (Fig. 5–5b, c and f) 
concentrations are comparable to lower-MgO HT2 basanites (MgO=5–10 wt%).  
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5.2.2. Trace element data 
 
     Trace element data for mafic lavas from the Ethiopian volcanic provinces are listed 
in Table 5–3. Selected trace element variation diagrams are plotted as a function of MgO 
(Fig. 5–6), and support the major element trends stated above. Concentrations of 
compatible trace elements, such as Ni (<350 ppm) and Cr (<550 ppm) decrease with 
decreasing MgO, suggesting an important role for olivine, clinopyroxene and spinel 
fractionation as magma compositions cross the stability fields of the various observed 
mineral phases (Fig. 5–6a and b). The HT2 mafic lavas (basalts and picrites; Natali et al., 
2016) have geochemical features [Ni: 315–984 ppm, Cr: 583–1820 ppm, MgO: 11.8–
20.9 wt %, and Mg#: 62–75, with Mg# = 100 *MgO/(MgO+FeO)] typical of more or less 
the ranges expected for primitive mantle-derived liquids. Abundances of Ni and Cr in the 
highest-MgO lavas of HT2 lavas may indicate accumulation of olivine and/or 
clinopyroxene.     
     Large ion lithophile elements (e.g., LILE; Sr, Ba and Rb) do not exhibit coherent 
trends against MgO for HT2 basanites, Getra-Kele and Tosa-Sucha samples (Fig. 5–6c, 
d and e), but they have moderate negative trend and less enriched for Afar stratoid and 
NMER mafic series. Similar correlation trends are also evident for high field strength 
elements (HFSE; e.g., Zr, La, Nb and Th) with MgO. These HFSE are moderately 
elevated and do not show coherent variations with MgO for HT2 basanites, but they have 
good negative correlations for Afar stratoid, NMER and SMER samples (Fig. 5–6f, g, h 
and i). For instance, at a given MgO concentrations, Zr, La, Nb and Th abundances are 
higher for HT2 basanites than Afar stratoid, NMER and SMER samples. The Lu 
concentration is higher at MgO <6.5 wt % and increases with decreasing MgO for Afar 
 116 
stratoid samples compared to other studied mafic series except one evolved Mathabila 
sample, which show highest value (Fig. 5–6j). The HT2 basanites are strongly enriched 
in incompatible elements owing to their origin from low-degree partial melting. 
Concentrations of compatible elements (Ni and Cr; Fig. 5–6a and b) decrease and 
incompatible elements (Fig. 5–6c-j) increase with decreasing MgO for LT mafic rocks 
(low-Ti; Pik et al., 1998), Butajira (CMER; Rooney et al., 2005), and Wollega (SW 
Ethiopia; Ayalew et al., 1999) mafic rocks, and overlaps most of the studied samples with 
some scatter. Similar trends are also observed for HT2 mafic rocks (Natali et al., 2016) at 
higher MgO concentrations. 
     The trace element characteristics of the Ethiopian mafic rocks are well illustrated 
in chondrite and mantle normalized diagrams (Figs. 5–7 and 5–8). Chondrite-normalized 
REE patterns display enrichment and steep patterns in varying degrees, gradually 
increasing from Afar stratoid lavas [(La/Yb)N: 3.0–6.08] to NMER [(La/Yb)N: 3.96–9.67], 
SMER [(La/Yb)N: 6.57–14.4] and to HT2 basanites [(La/Yb)N: 14.1–21.7] Fig. 5–7a–d 
(where the subscript N means chondrite-normalized, Sun and McDonough, 1989). The 
HT2 basanites show higher light REE (LREE) to heavy REE (HREE) and middle REE 
(MREE) to HREE ratios (Fig. 5–7a). Such fractionation is attributed to melting of source 
bearing garnet which has higher partition coefficient of HREE than the other REE and 
hence causes fractionation of LREE and MREE to HREE. The SMER lavas are enriched 
in LREE similar to the lavas in the HT2 basanites from northern plateau, but they have 
lower MREE/HREE than the HT2 basanites (Fig. 5–7b). The Afar stratoid lavas have 
lower LREE/HREE and MREE/HREE ratios than those of the other types (Fig. 5–7d). 
The NMER lavas show REE patterns similar to the Afar stratoid lavas, but have slightly 
higher MREE/HREE ratios (Fig. 5–7c). The SMER and NMER show similar 
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MREE/HREE ratios: SMER [(Gd/Lu)N: 1.92–3.20] and NMER [(Gd/Lu)N: 2.04–3.32], 
those are significantly lower than that of the HT2 basanites with (Gd/Lu)N = 3.89–5.04. 
The Afar stratoid lavas have the lowest MREE/HREE ratios [(Gd/Lu)N: 1.45–2.50], 
comparable to that of LT mafic lavas from western periphery of north Ethiopian plateau 
[(Gd/Lu)N = 1.31–2.24; Pik et al., 1998]. The abundances of REE in HT2 mafic rocks 
(basalts and picrites; Natali et al., 2016) from northern plateau variably shows an enriched 
pattern with remarkable LREE enrichment [(La/Yb)N from 7.03–11.1, (Gd/Lu)N 3.1–
7.13]. In general, REE abundance is correlated with MgO abundance; lowest abundance 
in picrites and highest abundance in less magnesian basalts, respectively (Fig. 5–7a). The 
LT plateau samples show lower REE concentrations and lower (La/Yb)N ranging from 
0.93 to 3.89 than HT2 mafic series. The Dofan, Getra-Kele and Tosa-Sucha (except for 
TD-141) samples have positive Eu anomalies (Eu/Eu* = 1.02–1.13), whereas Afar 
stratoid (except for DHA-3, DHA-11, DHA-12, DHA-29 and DHA-36A), HT2 basanites 
(except for MH12B, TR1V1 and TRV317) and Mathabila (except for DBAG-63, DBAG-
72A, TG-54 and TG-51) samples show negative Eu anomalies (Eu/Eu*=0.80–0.99), 
suggesting fractionation of plagioclase. The REE pattern of N-MORB (Sun and 
McDonough, 1989) is also illustrated in Fig. 5–7. With the exception of LT and some 
Afar stratoid samples which display flat and more enriched HREE, most Ethiopian 
samples have high LREE/HREE and steep REE patterns than N-MORB.   
     Primitive mantle normalized incompatible element variation diagrams (Fig. 5–8) 
of Ethiopian mafic samples show intraplate volcanic patterns with enrichment in highly 
to moderately incompatible trace elements. All samples have positive anomalies of Ba, 
Nb, and Ta, and negative anomalies of Rb, Pb, Th, and U. Exception for some NMER 
samples, most samples investigated in this study exhibit marked depletion in K. 
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Furthermore, Zr-Hf depletion relative to surrounding REE (Sm-Eu) is observed in all 
mafic suites. The SMER and HT2 basanites show strong enrichment in large ion 
lithophile elements (Ba, Rb, Th, U), high field strength elements (Nb, Ta) and the other 
moderately incompatible elements (e.g., Ti) relative to Afar stratoid and NMER samples. 
The Dofan, Getra-Kele and Tosa-Sucha mafic series show positive spikes of Sr, whereas 
the HT2 basanites and Afar stratoid samples have negative Sr anomaly that may be related 
to plagioclase fractionation. Most of samples from Afar stratoid and NMER overlap 
consistently with the LT mafic samples from western edge of north Ethiopian plateau (Pik 
et al., 1998; Fig. 5–8c and d). The LT lavas exhibit depleted trace element patterns with 
marked, but variable, depletions in Rb, Th, U, Pb, Ta, and Nb, and enrichment in Ba, K, 
and Sr. The HT2 mafic series have trace-element abundance patterns similar to that of 
HT2 basanites. 
 
 
5.2.3. Sr-Nd-Pb isotopic compositions 
 
     New Sr-Nd-Pb isotopic compositions analyzed for mafic volcanic rocks from the 
Ethiopian volcanic province are shown in Table 5–4. The measured isotopic ratios were 
age-corrected, and initial values are used for plotting in Fig. 5–9. I also applied age 
correction for compiled isotope data sets for the mafic lavas from northern Ethiopian 
plateau, Red Sea, southwest (SW) Ethiopia, central MER (CMER) and Kenya Rift for 
comparison.  
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5.2.3.1. Sr-Nd isotope systematics 
 
 The Sr and Nd isotope compositions of the Ethiopian mafic volcanic rocks show a 
large range and are stretched along the mantle array between the depleted mantle and the 
enriched components (Zindler and Hart, 1986): 87Sr/86Sri ranges from 0.703022 to 
0.706827 and 143Nd/144Ndi ranges from 0.512542 to 0.512989 (εNd of –1.20 to +7.54; Fig. 
5–9a). The SMER (Getra-Kele and Tosa-Sucha) mafic lavas show small variations in Sr 
and Nd isotopic compositions [87Sr/86Sri = 0.703022–0.703500; 143Nd/144Ndi = 0.512787–
0.512890 (εNd = +3.21 – +5.20)]. For a given 143Nd/144Ndi, Getra-Kele and Tosa-Sucha 
samples have lower 87Sr/86Sri ratios than Dofan, HT2 basanites, Butajira (CMER; Rooney 
et al., 2012a) and most Afar stratoid lavas (Fig. 5–9a). The Sr-Nd isotope compositions 
of SMER rocks are indistinguishable from those of lavas from Kenya Rift (Rogers et al., 
2000) and Wollega (SW Ethiopia; Ayalew et al., 1999). The Sr and Nd isotopic 
compositions of HT2 basanites fall within the ranges between 0.703470–0.703633 and 
0.512829–0.512894 (εNd = +4.50 – +5.77), respectively. In contrast, the NMER (Dofan 
and Mathabila) mafic lavas have a wide range of Sr (0.703524–0.706827) and Nd 
(0.512542–0.512921; εNd = –1.20 to +6.19) isotopic ratios. On Sr-Nd isotopic diagram 
(Fig. 5–9a) the Mathabila mafic lavas plot on the lower 143Nd/144Ndi and higher 87Sr/86Sri 
end than all studied lavas. Among the Mathabila series, the sample DBZ-30 plots off the 
array to higher 87Sr/86Sri. The Afar stratoid mafic lavas define a steep negative array with 
variations in 87Sr/86Sri extending from 0.703259 to 0.704099, and in 
143Nd/144Ndi from 
0.512855 to 0.512989 (εNd = +4.81 – +7.54). Their Sr-Nd isotopic compositions fall within 
the range defined by the LT lavas from northwest edge of north Ethiopia plateau (low-Ti 
basalts; Pik et al., 1999), and some lavas have the compositions similar to those observed 
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at Red Sea (Altherr et al., 1990). For a given Sr isotope ratio, HT2 mafic lavas (basalts 
and picrites; Natali et al., 2016) have higher Nd isotopic ratios than NMER lavas. 
 
 
5.2.3.2. Pb isotope systematics  
  
     In Pb isotope variation diagrams (Fig. 5–9b and c) the Ethiopian mafic volcanic 
rocks plot above the Northern Hemisphere Reference Line (NHRL) of Hart (1984), and 
span a wider range (206Pb/204Pbi = 17.83–19.93; 207Pb/204Pbi = 15.51–15.68; 208Pb/204Pbi = 
38.26–39.73). The SMER (Getra-Kele and Tosa-Sucha) mafic lavas exhibit more 
radiogenic Pb isotopic compositions than most of the studied samples, similar to the mafic 
volcanic rocks from the Kenya Rift (Rogers et al., 2000) and Wollega (SW Ethiopia; 
Ayalew et al., 1999). Compared to the NMER (Dofan and Mathabila) and Afar stratoid 
mafic lavas, the SMER lavas have relatively higher 206Pb/204Pbi (19.03–19.93) for a given 
207Pb/204Pbi. Among the NMER mafic lavas, Mathabila series show greater variation in 
Pb isotopic compositions than the Dofan mafic lavas. For a given 206Pb/204Pbi the 
Mathabila mafic series plot above Dofan lavas and extend towards an enriched component 
(Zindler and Hart, 1986). The Afar stratoid mafic volcanic rocks plot on or above the 
NHRL, and extend toward less radiogenic Pb isotopic ratios (Fig. 5–9b and c). They 
overlap Pb isotopic compositions of Butajira mafic lavas (CMER; Rooney et al., 2012a), 
LT series (low-Ti basalts; Pik et al., 1999), and less radiogenic lavas from the Red Sea 
(Altherr et al., 1990). The HT2 basanites have more radiogenic Pb isotopes than Afar 
stratoid, NMER (Dofan and Mathabila), CMER (Butajira) and LT lavas from western 
edge of northern Ethiopian plateau, but similar to less radiogenic end of that of SMER 
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(Getra-Kele and Tosa-Sucha) mafic rocks. The HT2 mafic suite (Natali et al., 2016) from 
eastern part of north Ethiopian plateau plot above the NHRL, and have relatively low 
207Pb/204Pbi and 
208Pb/204Pbi values for a given 
206Pb/204Pbi, similar to those of some Dofan 
and Afar stratoid mafic lavas (Fig. 5–9b and c). 
 
 
5.2.3.3. Pb-Nd and Pb-Sr isotope systematics 
                                          
     Relationships among Sr, Nd, and Pb isotope compositions are shown in Fig. 5–9d-
h. The SMER (Getra-Kele and Tosa-Sucha) mafic series are displaced to higher 
206Pb/204Pbi, 
208Pb/204Pbi and 
207Pb/204Pbi than NMER (Dofan and Mathabila) and CMER 
(Butajira; Rooney et al., 2012a) lavas, and fall within the field defined by the lavas from 
SW Ethiopia (Wollega; Ayalew et al. 1999) and Kenya Rift (Rogers et al., 2000). The 
SMER lavas have lower 87Sr/86Sri
 ratio than those of the NMER mafic rocks (Fig. 5–9e 
and g). Lead and Nd isotope ratios are broadly correlated to each other for the lavas from 
NMER, showing a general trend with end-member samples with low 206Pb/204Pbi having 
lower 143Nd/144Ndi ratios than samples with high 
206Pb/204Pbi (Fig. 5–9d). The Majority 
of the Mathabila mafic lavas are characterized by more radiogenic 87Sr/86Sri, less 
radiogenic 143Nd/144Ndi and 
206Pb/204Pbi than Dofan lavas (Fig. 5–9d-h). The Afar stratoid 
lavas display more radiogenic 143Nd/144Ndi and less radiogenic 
206Pb/204Pbi, 
207Pb/204Pbi, 
and 208Pb/204Pbi, which fall in the field defined by, LT lavas (Pik et al., 1999) and partly 
overlapped with HT2 mafic volcanic rocks (Natali et al., 2016) from northern Ethiopian 
plateau (Fig. 5–9d-h). The HT2 mafic rocks are characterized by radiogenic Pb and lower 
87Sr/86Sr ratios, which are similar to less radiogenic lavas of the SMER and SW Ethiopia 
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(Wallega; Ayalew et al., 1999). The Butajira (CMER) mafic lavas and LT mafic lavas 
from western periphery of north Ethiopian plateau display less radiogenic Pb and 
intermediate Sr and radiogenic to intermediate Nd isotopic compositions. 
 
 
5.3. Trace element and Sr-Nd-Pb isotopic systematics  
 
     The investigated mafic volcanic rocks show considerable variations in the ratios of 
selected trace elements (Ba/Nb, La/Nb, Ce/Pb, Ba/La, La/Yb and Zr/Nb) and 206Pb/204Pbi 
and 87Sr/86Sri compositions (Fig. 5–10a-f). Mathabila lavas exhibit a shift towards higher 
Ba/Nb, La/Nb, Ba/La, and lower Ce/Pb (Fig. 5–10a and b), overlap those of Oligocene 
LT mafic lavas from northern Ethiopia (Pik et al., 1998). In contrast, HT2 basanites plot 
at the lower end of Ba/Nb, La/Nb and Ba/La ratios. Dofan (NMER-floor) and some Afar 
stratoid mafic lavas extend to slightly higher Ba/Nb and La/Nb ratios (Fig. 5–10a), 
compared to Getra-Kele and Tosa-Sucha (SMER, except one sample), Butajira (CMER; 
Rooney et al., 2005, 2012a), Wollega (SW Ethiopia; Ayalew et al., 1999) and HT2 
(northern plateau; Natali et al., 2016) mafic lavas. For a given Ba/Nb ratio most Afar 
stratoid samples slightly displaced to higher La/Nb ratio and plot close to global MORB 
composition. On Ba/La versus Ce/Pb diagram (Fig. 5–10b), the majority of Ethiopia 
mafic lavas plot within same range of Ce/Pb (20–30) and overlap the OIB field, at variable 
Ba/La ratio. There is only a poorly constrained relationship between mafic lava chemistry 
and isotopic compositions Fig. 5–10c-f. With increasing (La/Yb)N but decreasing Zr/Nb, 
206Pb/204Pbi and 
87Sr/86Sri ratios tend to increase when the studied lavas are viewed as a 
whole. In detail, mafic lavas from the same or different volcanic province exhibit differing 
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relationships between their chemical and isotopic compositions. For instance, for a given 
(87Sr/86Sr)i ratio HT2 basanites tend to have higher (La/Yb)N but lower Zr/Nb ratios than 
Afar stratoid and NMER lavas (Fig. 5–10e and f). Similarly, for a given 87Sr/86Sri ratio 
(La/Yb)N and Zr/Nb display systematic change within north Ethiopian plateau mafic 
series. (La/Yb)N increase but Zr/Nb decrease from Oligocene LT (low-Ti basalts; Pik et 
al., 1998, 1999) to HT2 mafic lavas and (La/Yb)N and Zr/Nb become the highest and 
lowest, respectively in HT2 basanites. Along a rift zone fairly good correlation is 
observed for SMER mafic lavas between (La/Yb)N or Zr/Nb and the Sr and Pb isotopic 
ratios. Mafic rocks from SMER are more alkaline, and have lower Zr/Nb and Sr isotopic 
ratios, and higher (La/Yb)N and Pb
 isotopic ratios than NMER, Afar stratoid and CMER 
(Butajira) mafic rocks with some scatter. NMER mafic rocks show positive correlations 
between 87Sr/86Sri and their (La/Yb)N and Zr/Nb ratios, but negative and no correlations 
between their 206Pb/204Pbi and their Zr/Nb and (La/Yb)N ratios, respectively (Fig. 5–10c-
f). For Mathabila series, Sr isotopic ratios of NMER lavas are at the higher end of the 
values obtained for Dofan mafic equivalent (Fig. 5–10e). Mafic lavas from Afar stratoid 
exhibit a moderate range of (206Pb/204Pb)i ratios but only limited variations in (La/Yb)N, 
Zr/Nb and Sr isotopic ratios. As a whole, isotopic compositions and whole-rock chemistry 
of the Ethiopia mafic rocks seem to be controlled by the combined effect of source 
heterogeneity and the degree of partial melting in the source. Similarly, mafic lavas 
erupted along the East African Rift System from Tanzania in southern to Afar triangle in 
northern Ethiopia exhibit a wide range of geochemical and isotopic compositions that 
reflect heterogeneity in both source and process (Furman et al., 2007).   
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5.4. Spatial and temporal variations in trace element and isotopic compositions 
 
    Representative trace element and Sr-Nd-Pb isotope ratio variations against latitude 
and eruption ages (K-Ar age dating result) for Ethiopia mafic lavas are shown in Fig. 5–
11 and Fig. 5–12. The latitudinal variation of trace element, Sr, Nd and Pb isotope ratios 
along the axis of the Ethiopian rift and across plateau-rift region display a good 
correlation among and within Ethiopia mafic suites. (La/Sm)N, La/Lu, (
206Pb/204Pb)i and 
(207Pb/204Pb)i ratios decrease and (
87Sr/86Sr)i increase in mafic lavas south to north along 
a rift zone (Fig. 5–11a-d and f). 143Nd/144Ndi ratios (not shown) slightly increase south to 
north along a rift, but the (Gd/Lu)N ratio is almost constant (Fig. 5–11d and e). Sr isotope 
ratio increase from SMER to NMER and then decrease to Afar stratoid, but still relatively 
higher than SMER mafic rocks (Fig. 5–11b). In the northern sector of Ethiopia (La/Sm)N, 
La/Lu, (Gd/Lu)N, (
206Pb/204Pb)i and (
207Pb/204Pb)i ratios decrease from HT2 basanites to 
rift lavas (Afar stratoid and NMER). Among plateau mafic lavas (east to west sector), 
they progressively decrease from HT2 basanites to HT2 (Natali et al., 2016) and LT (Pik 
et al., 1998, 1999; Fig. 5–11a, c, d and f) mafic rocks. However, (Gd/Lu)N ratio shows 
comparable range between HT2 basanites and HT2 mafic lavas, but still lower in LT lavas 
(Fig. 5–11e). Variable La/Lu and (Gd/Lu)N among most of the studied samples suggest 
that important differences in the degree of partial melting and the amount of residual 
garnet are necessary in order to explain the observed chemical variability of magmas.    
     The isotope and trace element ratios for the investigated mafic lavas do not define 
simple coherent trends with time (Fig. 5–12). However, at a given age the (La/Sm)N, 
La/Lu, (206Pb/204Pb)i and (
207Pb/204Pb)i appear to be a systematic change; decrease from 
SMER to Afar stratoid and NMER lavas (Fig. 5–12a, c, d and f). Among ~30 Ma plateau 
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lavas, for a given age they decrease progressively from HT2 basanites to HT2 lavas in the 
eastern plateau sector and LT lavas in western edge of plateau, which indicate a spatial 
variation rather than a temporal evolution. (Gd/Lu)N ratio is higher and similar between 
HT2 basanites and HT2 mafic series, but become almost constant for SW Ethiopia 
(Wollega), SMER, NMER and Afar stratoid mafic lavas (since ~27 Ma to present; Fig. 
5–12e).  
     In Sr isotopic ratios versus age diagrams (Fig. 5–12b), (87Sr/86Sr)i is lower 
(0.703360 to 0.704311) for ~30 Ma plateau mafic rocks, and higher (0.705133–0.706827) 
in the Mathabila lavas (27–18 Ma). The (87Sr/86Sr)i progressively decrease and ranges 
between 0.703022 to 0.703904 from ~18 Ma to present for SMER, SW Ethiopia 
(Wollega), NMER and Afar stratoid mafic rocks, but increases up to 0.704882 for NMER 
(Dofan and Mathabila) lavas younger than 6 Ma. In contrast, Nd isotope ratio (not shown) 
for ~30 Ma plateau lavas is higher (εNd = +2.27 to +7.73), and become very low (εNd = 
−1.20 to −0.66) for Mathabila lavas (27–18 Ma). The (143Ndr/144Nd)i ratio increase (εNd = 
+3.64 to +5.59) and become remain constant since ~18 Ma to present for Dofan and 
Mathabila (except TG-50 and TG-24B, εNd = 2.66 and 2.91), SMER, SW Ethiopia 
(Wollega) and CMER (Butajira) mafic lavas, but higher (εNd = +5.59 to 7.54) for Afar 
stratoid lavas at <5 Ma. Overall, it is evident from compositional and isotopic data that 
the Ethiopian mafic volcanic rocks reflect a complex series of processes which probably 
include multi-stage crystal/melt segregation from compositionally distinct melts. 
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Fig. 5–1. a) K-Ar ages vs longitude for Afar stratoid, NMER (Dofan and Mathabila) and 
SMER (Getra-Kele and Tosa-Sucha) mafic lavas together with north Ethiopian plateau 
basalts age data (Hofmann et al., 1997; Kieffer et al., 2004). b) Cross section AA' (shown 
on figure 3–2) indicate elevation for the north Ethiopian plateau to rift (MER and Afar) 
region. 
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Fig. 5–2. Representative photomicrographs of Afar stratoid mafic rocks (a-d), Mathabila 
mafic rock (e) and Dofan mafic rock (f) from NMER. Symbols for phenocryst and 
microphenocryst of olivine = Ol, clinopyroxene = Cpx and plagioclase = Plg. 
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Fig. 5–3. Total alkali-silica (TAS) diagram for the Ethiopian mafic vocanic rocks (Le Bas 
et al. 1986). The alkaline-subalkaline dividing line is from Irving and Baragar (1971). 
Fields for MER from Rooney et al. (2005), LT (low-Ti basalts) and HT2 (high-Ti series: 
basalts and picrites) mafic rocks from Pik et al. (1998) and Natali et al. (2016), 
respectively.      
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Fig. 5–4. CIPW-normative plots (Thompson, 1984) and experimental and predicted basalt 
generation (after Thompson et al., 1983) of the Ethiopian mafic volcanic rocks. A: shaded 
region approximating fertile anhydrous mantle at a range of pressure (~8 to 35 kb); arrow 
B: Cotectic at 1 atm for equilibrium Ol–Pl–Cpx-basaltic liquid is from Thompson (1983). 
The Afar stratoid, Mathabila nd some LT (low-Ti basalts) mafic rocks are mainly within 
the 1 atm cotectic, indicating equilibration in a very shallow magma reservoir. Fields for 
LT (low-Ti basalts) and HT2 (high-Ti2 series: basalts and picrites) mafic rocks from Pik 
et al. (1998) and Natali et al. (2016), respectively.   
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Fig. 5–5. Selected major elements concentrations plotted vs. MgO (wt.%) for the 
Ethiopian mafic volcanic rocks. Fields for Butajira (central Main Ethiopian rift; Rooney 
et al., 2005), Wollega (southwest Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik 
et al., 1998) and HT2 (high-Ti2 series; Natali et al., 2016) are shown for comparison.  
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Fig. 5–6. Selected trace elements concentrations plotted vs. MgO (wt.%) for the Ethiopian 
mafic volcanic rocks. Fields for Butajira (central Main Ethiopian rift; Rooney et al., 2005), 
Wollega (southwest Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik et al., 1998) 
and HT2 (high-Ti2 series; Natali et al., 2016) are shown for comparison.  
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Fig. 5–7. Chondrite-normalized REE diagrams for Ethiopian mafic volcanic rocks. 
Chondrite values are from Sun and McDonough (1989). Fields for LT (low-Ti basalts; 
Pik et al., 1998), HT2 (high-Ti2 series; Natali et al., 2016) and N-MORB (Sun and 
McDonough, 1989) are shown for comparison.  
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Fig. 5–8. Primitive mantle-normalized multi-element patterns for Ethiopian mafic 
volcanic rocks. Primitive mantle values are from McDonough and Sun, (1995). Fields for 
LT (low-Ti basalts; Pik et al., 1998) and HT2 (high-Ti2 series; Natali et al., 2016) are 
shown for comparison.  
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Fig. 5–9. Sr-Nd-Pb isotope composition diagrams for the Ethiopian mafic volcanic rocks: 
(a) 87Sr/86Sri vs. 
143Nd/144Ndi, (b) 
206Pb/204Pbi vs. 
207Pb/204Pbi, (c) 
206Pb/204Pbi vs. 
208Pb/204Pbi, (d) 
207Pb/204Pbi vs. 
143Nd/144Ndi, (e) 
206Pb/204Pbi vs. 
87Sr/86Sri, (f) 
208Pb/204Pbi 
vs. 143Nd/144Ndi, (g) 
207Pb/204Pbi vs. 
87Sr/86Sri and (h) 
207Pb/204Pbi vs. 
143Nd/144Ndi. Also 
shown for comparisons are compositional fields from various groups of basalts from 
Butajira (central MER; Rooney et al., 2012a), Wollega (SW Ethiopia; Ayalew et al., 
1999), LT (low-Ti basalts; Pik et al., 1999), HT2 (high-Ti2 series; Natali et al., 2016), 
Red Sea (Altherr et al., 1990) and Kenya basalts (Rogers et al., 2000). Approximate 
locations of mantle end-members denoted by C-1, C-2, C-3 and C-4. NHRL, northern 
hemisphere reference line (Hart 1984).  
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Fig. 5–10. Ba/Nb vs. La/Nb (a), Ba/La vs. Ce/Pb (b), (La/Yb)N vs. 206Pb/204Pbi (c), Zr/Nb 
vs. 206Pb/204Pbi (d), (La/Yb)N vs. 
87Sr/86Sri (e) and Zr/Nb vs. 
87Sr/86Sri (f) diagrams for 
Ethiopian mafic volcanic rocks. Normalizing values (N) for chondrites from Sun and 
McDonough, 1989. Also shown for comparisons are compositional fields from various 
groups of basalts from Butajira (central MER; Rooney et al., 2005, 2012a), Wollega (SW 
Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik et al., 1998, 1999) and HT2 (high-
Ti2 series; Natali et al., 2016). The fields of OIB and MORB, sediments, and subduction 
zone magmas are from Weaver (1991), Sun and McDonough (1989).   
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Fig. 5–11. Variations of latitude vs. trace element and isotopic ratios of Ethiopian mafic 
volcanic rocks: (a) (La/Sm)N, (b) 
87Sr/86Sri, (c) La/Lu, (d) 
206Pb/204Pbi, (d) Gd/Lu and (e) 
207Pb/204Pbi. Normalizing values (N) for chondrites from Sun and McDonough, 1989. 
Shaded areas and dashed-line field outline data of the Butajira (central MER; Rooney et 
al., 2005, 2012a), Wollega (SW Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik 
et al., 1998, 1999) and HT2 (high-Ti2 series; Natali et al., 2016).  
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Fig. 5–12. Temporal variations in trace element and isotopic ratios of Ethiopian mafic 
volcanic rocks: (a) (La/Sm)N, (b) 
87Sr/86Sri, (c) La/Lu, (d) 
206Pb/204Pbi, (d) Gd/Lu and (e) 
207Pb/204Pbi. Normalizing values (N) for chondrites from Sun and McDonough, 1989. 
Shaded areas and dashed-line field outline data of the Butajira (central MER; Rooney et 
al., 2005, 2012a), Wollega (SW Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik 
et al., 1998, 1999) and HT2 (high-Ti2 series; Natali et al., 2016).  
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CHAPTER SIX: DISCUSSION 
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6.1. Magmatism during the last 30 Myrs 
 
    New geochronological, geochemical and isotopic data presented in this study are 
combined with published data sets to (1) re-examine the evolution of Cenozoic 
magmatism in the Ethiopian province over the past 30 Ma, and (2) provide an updated 
model for the evolution of rift magma sources. The previous models differ to each other 
with respect to the relative importance for the role of deep asthenospheric mantle and 
shallow lithospheric mantle in the genesis of basaltic magmas, but generally agreed that 
the contribution of different mantle sources varied temporally and spatially throughout 
the Ethiopian volcanic province. Secular changes in volume and geochemistry of mafic 
lavas suggest that magmatism has been resulted from the interaction between multiple 
magma reservoirs with different thermal and chemical properties. During the pre-rift 
stage an enriched lithospheric mantle source contributed to mafic volcanism in Afar-
NMER transition region, whereas the mantle plume contributed to plateau mafic lavas 
(Fig. 5–9). Through time, particularly in areas where the continental lithosphere has been 
highly distended and thermally eroded (e.g. axial portions of NMER and Afar), a 
contribution from depleted MORB-type mantle domains became detectable. The pre-rift 
mafic lavas typically are more tholeiitic with a considerable amount of alkaline mafic 
lavas erupted on the plateau. Tholeiitic mafic lavas are widely distributed on plateau part 
and the region along rift-escarpment of Ethiopian volcanic province. These lavas also 
outcropped along a rift zone including Afar (5 Ma to present). Transitional to alkaline 
mafic rocks (~17 Ma to present) are restricted to the rift zone (mainly axial zones of the 
MER-floor), and show a gradation in silica deficiency from north to south (Figs. 5–3 and 
5–4). Superimposed on the different mantle source controls are the effects of variable 
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melting conditions and post-generation differentiation. In the following subsections, I will 
discuss the possible factors controlling the observed variations in major- and trace-
element concentrations and Sr-Nd-Pb isotopic compositions.    
 
 
6.2. Fractional crystallization  
 
    The occurrence of differentiated mafic lavas in the Ethiopian province indicate that 
fractional crystallization altered the composition of primary magmas during ascent (Figs. 
5–3 and 5–8). Primitive lavas rarely occur in Getra-Kele (SMER, TD-1825; MgO = 11.9 
wt.%, Mg# = 64.5, Ni = 341 ppm, Cr = 323 ppm). Most lavas are differentiated, 
characterized by low MgO (2.36–9.04 wt.%, Mg# of 29 to 59), Ni (<235 ppm), and Cr 
(<400 ppm) contents, except for some Getra-Kele samples (TD-1816A with 487 ppm Cr 
and TD-1816B with 498 ppm Cr, respectively). Whole-rock major- and trace-element 
variations are consistent with fractional crystallization of observed phenocryst phases. 
Co-variations of Ni, Cr, CaO with MgO from primitive to evolved mafic lavas suggest 
fractional crystallization of olivine, clinopyroxene, plagioclase, spinel, and opaque 
minerals (Fe-Ti oxide) (Fig. 5–5e and Fig. 5–6a, b). The minor role of plagioclase 
fractionation is suggested for Getra-Kele, Tosa-Sucha and Dofan mafic lavas because of 
the lack of negative Eu and Sr anomalies (Eu/Eu* = 1.0–1.2), increasing Al2O3 with 
decreasing MgO and the sparse occurrence of plagioclase phenocrysts in thin sections. 
The positive Eu and Sr anomalies in some samples (Fig. 5–7b, c, and Fig. 5–8b, c) may 
indicate selective retention of plagioclase in magmas. In contrast, plagioclase is one of 
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major phase crystallized for lavas from the Afar stratoid, and some Mathabila (NMER) 
and HT2 basanites from northern plateau. The negative Eu anomalies (e.g., Afar stratoid 
lavas Eu/Eu* = 0.8–0.99) on the REE patterns and negative Sr anomalies on the primitive 
mantle-normalized patterns for these samples (Fig. 5–7a, c, d and Fig. 5–8a, c, d) support 
fractionation of plagioclase from mafic magmas.  
     Normative mineral compositions are compared with compositions of experimental 
petrology to provide an insight into fractional crystallization process in mafic magmas 
(Thompson et al., 1983, Fig. 5–4). A plot reveals that melt composition generally tracks 
the trend of the 1 atm cotectic line for olivine (ol) + plagioclase (pl) + clinopyroxene (cpx), 
suggesting that fractionation of the observed phenocryst assemblage plays a major role in 
the formation of major-element variation. The geochemical constraints presented for the 
two tectonomagmatic zones within the MER (WFB; Wonji Fault Belt and SDFZ; Silte 
DebreZeyit Fault Zone; Rooney et al., 2005, 2007; Rooney, 2010, 2011; Mazzarini et al., 
2013) indicate that despite observed source heterogeneity, lavas erupted in these zones 
form coherent fractionation paths dominated by variable removal of observed phenocryst 
phases. Shallow fractionation conditions (~1 kbar) of Quaternary products within the 
WFB are identified in contrast to the SDFZ in which magmas fractionate at various depths 
throughout the crust. The authors suggest that magmatic plumbing system more 
developed beneath the WFB where magmas rose quickly before undergoing more 
significant fractionation at near surface levels and a system less developed beneath the 
SDFZ. Moreover, the prevalent occurrence of collapse calderas throughout the MER is 
suggestive of some magma residence at shallow levels within the upper crust (Mazzarini 
et al., 2013). This observation is supported by modelling studies that have shown that 
magmatic differentiation to form felsic magmas in the MER requires shallow pressures 
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(Rooney et al., 2012b). Felsic magmatism is common along the MER is thought to be 
derived from mafic magmas predominantly by fractional crystallization with subordinate 
assimilation (e.g., Peccerillo et al., 2003; Feyissa et al., 2017). 
     However, the variations in incompatible trace elements and some major elements 
cannot be solely explained by closed-system fractional crystallization (Figs. 5–5 and 5–
6). Variations in isotopic compositions also indicate the involvement of processes other 
than fractional crystallization, such as crustal contamination or mixing of melts from 
different mantle sources during melt generation and transport. HT2 plateau mafic lavas 
(basalts and picrites; Natali et al., 2016) from the eastern part of northern Ethiopian 
plateau volcanic field have the composition (MgO >11 wt %, Ni >300 ppm, Cr >500 
ppm) which can be in equilibrium with mantle peridotite (Frey et al., 1978). The HT2 
mafic rocks are also characterized by high abundances of Ti and Zr, often accompanied 
with high Sr contents (Fig. 5–5b and Fig. 5–6c, f). It is difficult to reconcile these 
signatures by differentiation processes alone thus this may provide chemical evidence in 
support of a significant contribution from an enriched mantle source. 
 
 
6.3. Crustal contamination 
 
     Several previous studies have documented the geochemical modification of mafic-
lava geochemistry by crustal contamination. The crust-magma interaction includes 
various processes such as bulk-crustal ingestion into mafic magma, and mixing of 
partially molten crust and mafic magma with or without simultaneous crystal 
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fractionation (Watson, 1982). In general, mantle-derived basaltic magmas have elevated 
temperatures (~1200 °C), which are higher than the solidus of crustal rocks, and therefore 
the crustal contamination occurs as melt-melt mixing. Such a reaction is likely to occur 
at the crust-mantle boundary (Bergantz, 1989). 
    The continental lithosphere of the plateau and rift-escarpment regions is thicker than 
the rift-floor, and therefore the crustal assimilation may contribute to mafic volcanic rocks 
on the plateau and rift-escarpment regions. The Mathabila mafic rocks from NMER-
escarpment show wide variability of incompatible trace element ratios (Zr/Nb = 6.03–
14.1, Ba/La = 10.8–34.8, La/Nb = 0.99–1.74) and Sr-Nd-Pb isotopic compositions 
(87Sr/86Sri of 0.703850–0.706827; εNd = −1.20–+5.16; 206Pbr/204Pb =17.8–19.1; Fig. 5–9). 
There has been a lively debate over whether the trace element and isotopic compositions 
reflect derivation from lithospheric mantle that was metasomatized by fluids/melts related 
to subduction zones, or crustal contamination (Farmer, 2014). These processes induce 
relative depletions in Ti, P, Nb, and Ta and relative enrichments in Pb and Ba. 
Consequently, it is important to further investigate the major process that produced the 
Mathabila mafic rocks in the NMER-escarpment and other mafic lavas from Ethiopian 
volcanic province.  
    The ratios of incompatible trace element pairs, such as Ce/Pb and Nb/U, tend to be 
more useful in identifying differences in magma sources than the absolute abundances of 
trace elements, because fractionation of these pairs during partial melting is minor. The 
Ce/Pb and Nb/U ratios of ocean basalts (OIBs and MORBs) relatively uniform 
(Ce/Pb = 25 ± 5 and Nb/U = 47 ± 10; Hofmann et al., 1986), and 5–10 times greater than 
those of continental crust (average Ce/Pb = 3.9 and Nb/U = 6.2; Rudnick and Gao, 2003). 
Therefore, Ce/Pb and Nb/U ratios are sensitive indicators of crustal contamination of 
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mantle-derived mafic magmas. The Mathabila mafic rocks from the NMER-escarpment 
have Ce/Pb (12.5–30.2) and Nb/U values (27.1–87.1); a low-to typical mantle range, yet 
the values are higher than continental crust. The Mathabila mafic lavas also have high Sr 
(465–979) concentrations, which, argue against an origin involving assimilation of 
significant amounts of crust. HT2 basanites and HT2 (basalts and picrites; Natali et al., 
2016) mafic lavas from the eastern sector of northern Ethiopian plateau, Tosa-Sucha and 
Getra-Kele from SMER, Afar stratoid, Dofan (NMER-floor), Butajira (CMER; Rooney 
et al., 2005) and Wollega (SW Ethiopia; Ayalew et al., 1999) lavas (Ce/Pb = 20–39.2; Fig. 
5–10b and Nb/U = 37–160; Fig. 6–1g), plot within and above the range of mantle-derived 
basalts, and are therefore much more similar to mantle than crustal compositions. On the 
other hand, most of LT mafic lavas from western part of northern Ethiopian plateau (low-
Ti tholeiites; Pik et al., 1998) have lower Ce/Pb (6.86–15.6) and Nb/U (10.3–35), and 
seem to be contaminated by crustal material. Samples with low Ce/Pb values have high 
Pb contents, which suggest a crustal overprint to the primary mantle-derived signature 
(Hofmann et al., 1986; Sun and McDonough 1989).    
    Ratios of Ba/La, La/Nb and Ba/Nb are also effective in assessing potential 
contamination by crustal lithologies (La/Nb = 2.2, Ba/Nb = 54 and Ba/La = 25: Saundres 
et al., 1988; Weaver, 1991) in the evolution of Ethiopian mafic lavas. The LT mafic lavas 
from western edge of northern Ethiopian plateau have variable La/Nb (0.99–2.13) and 
Ba/Nb (14.4–44.7) ratios (Fig. 5–10a). Moreover, Ba/La (8.26–28.2) increases with 
decreasing values of Ce/Pb among LT mafic lavas. Thus, this may suggest the 
involvement of some degree of crustal assimilation in the genesis of LT mafic rocks. In 
contrast, HT2 basanites and HT2 mafic lavas from the eastern part of northern Ethiopian 
plateau and lavas from Afar, MER (Butajira, NMER and SMER) and SW Ethiopia 
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(Wollega) generally have lower La/Nb (<1.2), Ba/Nb (<28) and Ba/La (<21, except for 
one Afar stratoid, DHA-20 and Tosa-Sucha, TD-1842 samples 28.6, 33, respectively) 
ratios (Fig. 5–10a, and b).  
    Figure 6–1 illustrates the relationships between SiO2, MgO and trace element, Sr, 
Nd and Pb isotopic ratios for the different Ethiopian mafic lavas. In the plots of 87Sr/86Sri 
vs SiO2 and 
87Sr/86Sri vs MgO (Fig. 6–1a, e), the Mathabila samples from NMER-
escarpment show weak positive and negative co-variations, respectively compared to the 
rest of studied mafic rocks. Among the Mathabila lavas the Sr and Pb isotope 
compositions of one differentiated sample (DBZ-30) extend towards high 87Sr/86Sri and 
207Pb/206Pbi ratios up to 0.7068 and 15.63, respectively (Fig. 5–9a, b and Fig. 6–1a). Such 
displacement to high 87Sr/86Sri and 
207Pb/206Pb ratios may indicate assimilation of crustal 
component having a high U/Pb ratio. However, compared with local crustal value 
(average 87Sr/86Sr ~0.715, 143Nd/144Nd ~0.51102 and elevated Rb/Sr >0.1; Moller et al., 
1998), the Mathabila samples tend to have lower Sr isotopic ratios and Rb/Sr (<0.08), and 
higher 143Nd/144Ndi, ruling out significant crustal contamination. Moreover, most of these 
lavas from NMER-escarpment tend to have both high 87Sr/86Sri and high Sr 
concentrations (Fig. 6–1h) and this association cannot easily be explained by crustal 
contamination. Thus, geochemical and isotopic variations for Mathabila lavas are 
indicative of significant contribution from enriched subcontinental lithospheric mantle in 
their sources rather than crustal contamination. On the other hand, there is no apparent 
correlation between ratios of 208Pb/204Pb (not shown), 207Pb/204Pb, 206Pb/204Pb and 
143Nd/144Nd vs MgO and SiO2 (Fig. 6–1b, c, d, and f) in all studied samples, underlying 
that high level crustal contamination did not play a major role in the evolution of these 
rocks. The absence of marked depletion in Sr, P, Ti and Nb-Ta in SMER, Dofan lavas 
 171 
from NMER-floor and most of plateau mafic series (Fig. 5–8) is an additional argument 
against a significant crustal contamination. The depletion of Nb-Ta observed in spider 
diagrams for some of Mathabila samples from NMER-escarpment could reflect the 
presence of a residual Nb-Ta bearing phase in the source during the partial melting process 
rather than crustal contamination. Some authors (Kelemen et al., 1990; Arndt and 
Christensen, 1992; Bondinier et al., 1996) also have proposed that the relative depletion 
of HFSE, especially Nb and Ta, in continental lavas, could result from interactions 
between the subcontinental lithospheric mantle and asthenospheric melts. These 
observations particularly for axial portion of Afar and MER lavas are consistent with 
progressive thinning of the continental lithosphere as rifting progressed, thereby allowing 
a greater degree of sub-lithospheric source contribution, and more rapid ascent following 
differentiation in the shallow depth. It is thus likely that the apparent lack of significant 
crustal contamination in the rift area may be related to the relatively thin crust beneath 
the region. In general, it is concluded that a significant crustal contribution is absent in 
the genesis of Ethiopian mafic lavas investigated here from rift and plateau (except LT 
mafic lavas) areas, but that most variations point to involvement of chemically and 
isotopically distinct mantle source regions. The strong lithospheric trace element 
signature of most LT mafic lavas from western periphery of northern Ethiopian plateau 
indicate that, a crustal contamination occurred into their magmas during traversing or 
stagnation in the crust. 
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6.4. Melting conditions 
 
     Since the role of crustal contamination was insignificant, trace element and isotopic 
compositions of most of mafic lavas represent primary magmas formed in sub-crustal 
levels. Geochemical heterogeneity is thus attributed to (1) various degree of source 
melting and (2) involvement of multiple magma sources. In the following subsections, I 
will examine (1) degree of partial melting and (2) P-T condition of melting. 
 
 
6.4.1. Degree of partial melting 
 
     Because different elements have different partition coefficients (Kd), partial 
melting causes trace-element fractionation (Sun and Hanson, 1975). Also, large 
difference in Kd among phases in the mantle and source mineralogy strongly affects on 
trace-element characteristics of partial melts (Wass and Rogers, 1980). Concentrations of 
highly incompatible elements are plotted against MgO content in Fig. 5–6 and also 
CaO/Al2O3 ratios in Fig. 6–2a, suggesting a general increase in the degree of partial 
melting from HT2 basanites to LT mafic rocks (low-Ti tholeiites; Pik et al., 1998) and 
rift-related mafic volcanic rocks. The variation of P2O5 with SiO2 (Fig. 6–2b) is thought 
to result principally from partial melting of mantle sources at different depths. The ratio 
of P relative to Al during melting is expected to decrease systematically with increasing 
melting, assuming that alumina is controlled by garnet or spinel throughout the melting 
interval (e.g., Furman, 1995). Moreover, trace element ratios, such as Ba/Nb, La/Nb (Fig. 
5–10a), Ba/Nb and Zr/Nb (Fig. 6–2c) increase from HT2 basanites to rift and LT plateau 
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mafic lavas, which is also in agreement with the increasing degrees of partial melting. 
However, the ratio of a pair of highly incompatible elements with very similar degree of 
incompatibility will not vary significantly during partial melting, so the variation in the 
ratio reflects combined effect of the degree of partial melting in the source and source 
heterogeneity resulting from source mixing (Bougault et al., 1980). 
     A quantitative estimation of the degree of partial melting can be obtained from the 
concentration of highly incompatible elements in the melts relative to their mantle source 
(CL/Co) by applying the batch melting equation: CL/Co = 1/Do + F(1–Do) (Shaw, 1970). 
Zr concentration in the least differentiated LT plateau mafic series (low-Ti tholeiites; Pik 
et al., 1998), Mathabila, Dofan and Afar stratoid mafic lavas is 61 ppm, 85 ppm, 111 ppm 
and 126 ppm, respectively. As Co, I used Zr concentration of 11.2 ppm from primitive 
mantle (Sun and McDonough, 1989). The enrichment factors (CL/Co) are 5.5, 7.6, 9.9 and 
11.2, for primary magmas of LT, Mathabila, Dofan and Afar stratoid mafic lavas, 
respectively. Bulk partition coefficients (Do) estimated to be 0.0397 for all mafic series, 
by assuming a mantle source containing 71% olivine, 10% opx, 4% amphibole with 
clinopyroxene/garnet ratio of 14:1. Mineral-melt partition coefficients are from Wedepohl 
(1985) and Comin-Chiaramonti et al. (1991). By applying these variables, the degree of 
partial melting is estimated to be 15%, 9.6%, 6.4% and 5.1% for LT, Mathabila, Dofan 
and Afar stratoid mafic rocks, respectively.  
     REE fractionation can also be used to estimate the extent of degree of melting 
(Feigenson et al., 1996). Application of the REE model (for lavas with MgO >6 wt%; Fig. 
6–3a) yields the estimation of degree of melting to be ~2–4% for HT2 basanites mafic 
rocks. Most of the SMER (Getra-Kele and Tosa-Sucha) mafic rocks have a more 
restricted range of Gd/Lu (~18) and slightly higher La/Lu ratios. The lower degrees of 
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melting (~1–3%) is estimated by REE modeling, and their source regions were also 
garnet-poor, but within similar depth range of the Afar stratoid and NMER (Dofan and 
Mathabila) mafic lavas. Majority of Dofan mafic rocks have low La/Lu similar to Afar 
stratoid mafic lavas suggest higher degrees of melting (5–7%). LT mafic lavas from 
western part of northern Ethiopian plateau have low La/Lu display higher degrees of 
melting (>10%) which is also consistent with quantitatively estimated degree of partial 
melting shown above. 
 
 
6.4.2. Depth of melting 
              
     The depth of garnet-spinel transition occurs at about <85 km (2.8 GPa; Robinson 
and Wood, 1998). The HREE such as Yb and Lu are compatible in garnet with high 
garnet/melt partition coefficients (Kd >>1), but La (LREE), Gd and Sm (MREE) are 
incompatible and have low Kd (<1, Irving and Frey, 1978; Kelemen, 1990; Rollinson, 
1993; Hauri et al., 1994). Large differences in Kds of HREE and the other REE in garnet 
makes La/Yb and Sm/Yb ratio as sensitive tracer to examine the role of garnet in mantle 
melting. The melting with presence of garnet cause large fractionation in both La/Yb and 
Sm/Yb, whereas the melting of garnet-free source produces melt without fractionated 
Sm/Yb (Yaxley, 2000; Xu et al., 2005; Lai et al., 2012). It is generally accepted that the 
upper mantle is composed predominantly of peridotite with minor amounts of pyroxenite, 
both with or without garnet. Primitive alkaline, silica-undersaturated magmas such as 
basanites can be formed by melting of garnet peridotite under high pressure (Kushiro, 
1996), but usually not formed from garnet pyroxenite (Rapp et al., 1991).  
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     The less differentiated lavas (MgO >6 wt%) show large variations in (La/Lu)N = 
3.63–29.7, (Sm/Yb)N = 1.94–7.34, and (Gd/Lu)N = 1.69–5.0 (Table 5–3; Fig. 5–7, Fig. 6–
2d, e). Among the Oligocene (~30 Ma) mafic lavas from the northern plateau, HT2 
basanites have higher (La/Lu)N (18.5–29.7, except for MH12B with ratio of 6.56), but 
comparable (Sm/Yb)N (5.64–7.34) and (Gd/Lu)N (3.88–5.0) ratios compared to HT2 
mafic lavas ((La/Lu)N = 8.9–12.4, (Sm/Yb)N = 4.40–6.56 and (Gd/Lu)N = 3.11–5.13; 
Natali et al., 2016). Such features suggest derivation of magma from a greater depth in 
the presence of garnet for both lavas with higher extent of melting for HT2 mafic series 
(basalts and picrites) than that for HT2 basanites. In contrast, LT mafic lavas (low-Ti 
tholeiites; Pik et al., 1998) from western edge of northern plateau have the lowest 
(La/Lu)N = 1.07–5.85, (Sm/Yb)N = 1.40–2.41 and (Gd/Lu)N = 1.31–1.88, in the region, 
probably due to higher degrees of melting at shallower levels. This inference is consistent 
with the degree of partial melting estimated in this study (15%). The lavas having been 
formed during 27 Ma to recent (SW Ethiopia, MER and Afar) are derived by melting of 
fertile peridotite at the depth corresponding to spinel-garnet transition (as deep as 85 km; 
Robinson and Wood 1998). With the exception of a wide range of (La/Lu)N observed in 
SMER lavas (4.25–15.7), the (Sm/Yb)N and (Gd/Lu)N ratios for mafic lavas from SMER, 
NMER, Afar, CMER (Butajira; Rooney et al., 2005) and SW Ethiopia (Wollega; Ayalew 
et al., 1999) are essentially similar and fall within the ranges between 1.94–4.46 and 1.69–
3.16, respectively. Among these mafic lavas Afar stratoid samples represent the lower 
values of MREE/HREE ratios [(Sm/Yb)N = 1.94–3.11 and (Gd/Lu)N = 1.69–2.50] and 
partly overlap the Oligocene LT mafic lavas from western edge of northern Ethiopian 
plateau (Fig. 6–2d, e). It is suggested from these trace element ratios that 27 Ma to recent 
rift-related Ethiopia mafic lavas are inferred to have been derived by increasing degrees 
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of partial melting at a constant depth from south (SMER) to north (Afar). On (La/Sm)N 
vs (Gd/Lu)N diagram (Fig. 6–2d) northern Ethiopia plateau lavas show increment of 
(La/Sm)N ratios from the LT (1.41–1.72) to HT2 mafic rocks (1.61–2.0) and HT2 
basanites (2.51–3.1). Moreover, HT2 basanites and SMER alkaline mafic rocks have 
higher and almost similar La/SmN (2.95–3.65 and 2.79–4.74, respectively), but have 
different Gd/LuN (3.89–5.0 and 2.0–3.16) ratios, suggesting that they are derived from a 
source region that is enriched relative to the depleted mantle at greater and shallower 
depth, respectively. Such estimated melting conditions (depth and degree of partial 
melting) are consistent with REE modelling (Fig. 6–3a). A Gd/Lu vs La/Lu diagram for 
the Ethiopia samples plotted together with the calculated curves for partial melting of 
lherzolites that have different mineral assemblages (primitive mantle: Sun and 
McDonough, 1989). The mineral assemblage of the source was determined by the mixture 
of garnet lherzolite (ol:opx:cpx:grt = 54:17:9:20) and spinel lherzolite (ol:opx:cpx:sp = 
46:28:18:8) corresponding to 20:80 and 40:60 proportions of garnet to spinel lherzolite 
with stoichiometric reaction to form olivine and garnet from orthopyroxene, 
clinopyroxene and spinel (Fig. 6–3a; Workman et al. , 2004). Modal garnet in the mantle 
region varies from 0 to 8% (subhorizontal lines), representing the total range of modal 
garnet across the spinel-garnet peridotite transition (Wood and Blundy 1997). The studied 
mafic lavas define a steep trend, crossing the melt trajectories and implying variable 
residual garnet during melting. Most of northern plateau mafic lavas require >7% of 
residual garnet in the source, but the maximum amount of residual garnet for LT and rift-
related lavas was ~5% (Fig. 6–3a). Melting thus appears to have occurred over a range of 
pressures from the spinel field to the garnet stability field. Some of the HT2 basanites plot 
outside the envelope of melt compositions that can be derived from a primitive mantle 
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composition and are significantly deeper, supporting the conclusions obtained from the 
major element variations.  
     A second way to constrain the relative depth (pressures) of melt generation 
compares the major element compositions of individual primitive mafic lavas (MgO >6 
wt%), back-corrected for olivine fractionation to Mg# = 72 (in equilibrium with Fo90 
olivine; Fig. 6–3b), to liquid compositions determined experimentally on melts of 
peridotite at various pressures. The SiO2 and FeO* contents of these lavas, plot near the 
range of experimentally derived melts of fertile peridotite at pressures of 20 to ≥30 kb 
(Baker and Stolper, 1994; Kushiro, 1996). Among ~30 Ma plateau mafic lavas, inferred 
pressures of melting range from 20 to 25 kb for LT mafic lavas (low-Ti tholeiites), and 
≥30 kb for HT2 basanites and HT2 mafic rocks. The melting pressures inferred for SMER, 
NMER and Afar stratoid mafic lavas in this manner are at or above the garnet-spinel 
transition (25 to ~30 kb). The HT2 basanites and HT2 mafic lavas show the greatest 
pressures of melting and consistently higher than those obtained for rift-related mafic 
lavas. This reflects the depths of melting for most plateau, MER and Afar primitive lavas 
corresponding to ~80–150 km. The associated depth of ~150 km is greater than the 
lithospheric thickness deduced on the basis of mantle tomography (e.g., Bastow et al., 
2005, 2008, 2011; Dugda et al., 2005; Rychert et al., 2012). The CMER (Butajira) and 
SW Ethiopia (Wollega) mafic rocks record similar melting pressures to SMER and Afar 
stratoid, but slightly lower melting pressures range from ~20 to 30 kb, equivalent to a 
depth range of ~60–100 km. In contrast to the Afar stratoid mafic rocks (central and 
southern Afar), lavas from northern part of Afar (Barrat et al., 1998) progressively lower 
melting pressure (<25 kb) and continue to shallow depths (50–65 km) and overlap to 
Oligocene LT plateau mafic rocks. The depths of melting inferred on the basis of this 
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calculation scheme are consistent with the trace element evidence presented above. 
     The relationship between SiO2 and pressure in experimental melts has been 
quantified by Albarade (1992), and Scarrow and Cox (1995), and the same 
parameterization applied to the studied mafic lavas is shown in Fig. 19c. The empirical 
relationship for temperature to be:  
T(°C) = 200*(MgO/SiO2 + MgO) + 9.69 
with a mean square deviation of 40 °C. A standard regression gives the following 
empirical equation:  
LnP (kb) = 0.00252T(°C) ˗ 0.12SiO2 + 5.027 
with a mean square deviation of 2.7 kb. The pressure and temperature calculated by these 
empirical equations correspond to those at which magmas segregated from their source 
peridotite. The SiO2 concentration in melts depends primarily on pressure (Klein et al., 
1987; Mckenzie et al., 1991). Plateau mafic lavas (~30 Ma) display different depth of 
melt segregation. HT2 basanites (TiO2 = 3.93–5.33 wt%) derived at pressure range of ~5 
GPa. Pressures of melt segregation range from 2.4 to 4.6 GPa for HT2 mafic series (e.g., 
basalts and picrites, TiO2 = 3.06–5.91 wt%). The LT mafic lavas (TiO2 = 1.09–2.65 wt%) 
generated at pressures of 1.7–2 GPa. This calculated melting pressure for Oligocene 
plateau mafic lavas indicates that the melting process occurred under polybaric conditions 
i.e., vertical aggregates of melt derived over a range of depths within a melting column 
that extends over 150–55 km. Calculated melting pressures for 27 Ma to present mafic 
rocks from SW Ethiopia and Ethiopian rift (SMER, CMER, NMER and Afar) yields 2 to 
3.4 GPa. On the other hand, since 2 Ma the melting pressures drop in the northern Afar 
(1.7 GPa) and SMER (1.5 GPa) mafic rocks. In addition, compositions of the most 
primitive mafic lavas from plateau and rift were plotted onto the olivine-plagioclase-
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quartz plane (Fig. 6–3e; Walker et al., 1979), with partial melt compositions obtained in 
peridotite melting experiments at various pressures (Hirose and Kushiro, 1993). The HT2 
basanites and HT2 mafic series from eastern sector of north Ethiopian plateau plot in the 
melt compositions that represent pressures, 2.4–5 GPa. This suggests that the melt was 
produced in the presence of garnet. In contrast, LT mafic series from western edge of this 
plateau plot less than or equal to ~2 GPa. North Afar (Barrat et al., 1998), SW Ethiopia 
(wollega), MER (SMER to NMER) and Afar stratoid mafic rocks plot in melt 
compositions found at pressures between ~1.5 and 3.4 GPa (i.e., depths between 50 to 
100 km). Overall, the calculated and estimated melting pressure for rift-related mafic 
lavas give lower to moderately higher values (1.5–3.4 GPa) that preserve compositions 
consistent with conditions in the mantle melt. Similarly, previous study (Furman et al., 
2006a) reported that modern rift basalts were derived by moderate degrees of melting of 
fertile peridotite at depths corresponding to the base of the modern lithosphere (~100 km) 
 
 
6.4.3. Mantle potential temperature 
 
     Several methods have been developed to assess the thermal state of the mantle at 
various volcanic provinces, on the basis of petrology and geochemistry of erupted lavas. 
The temperature of ambient mantle and the existence of possible thermal anomalies are 
fundamental properties of the Earth. A comparison of temperature variations is commonly 
made the mantle using a 1 atmosphere reference frame termed the mantle potential 
temperature Tp, because temperature always increases with depth (McKenzie and Bickle, 
1988). This is the temperature that the solid adiabatically convecting mantle would attain 
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if it could reach the surface without melting. In principle, a calibration and 
parameterization of laboratory data can be applied to mafic-ultramafic volcanic rocks, 
and a thermal state of their source can be inferred (Asimow and longhi, 2004; Herzberg 
et al., 2007). There are, however, processes that occur in nature (e.g., fractional 
crystallization, partial melting and assimilation) can greatly impact inferences about 
mantle source temperature and that complicate a direct comparison of laboratory and field 
observations (Asimow and longhi, 2004, Herzberg., et al., 2007; Putirka et al., 2007; Lee 
et al., 2009; Herzberg and Asimow, 2015). 
     Consequently, petrological software, called PRIMELT1.XLS that synthesizes 
much of the laboratory and theoretical component and it is simple and accurate to use has 
been developed (Herzberg et al., 2007). PRIMELT1.XLS uses a mass balance solution to 
the primary magma problem calibrated to peridotite (KR-4003), derived from a 
parameterization (Herzberg and O’Hara, 2002; Herzberg, 2004, 2006) of experimentally 
determined partial melt compositions (Walter, 1998). PRIMELT1.XLS distinctively 
constrains the primary magma compositions of a given evolved lava by computing a melt 
fraction that is common to both partial melts of mantle peridotite and to the primitive 
magmas from which the lava was derived. It was limited to spinel peridotite and 
harzburgite melting. PRIMELT1.XLS was followed by PRIMELT2.XLS, which included 
garnet peridotite melting and additional tests for suitability of the method for the input 
sample composition (Herzberg et al., 2008). The PRIMELT2.XLS was followed by 
PRIMELT3 MEGA.XLSM, which differs from its precursors in several ways (e.g., the 
residuum mineralogy is identified; Herzberg et al., 2008). Although, there are many 
sources of uncertainties in PRIMELT calculation of primary magma composition, 
PRIMELT3 MEGA.XLSM has not added to the uncertainties. It provides filters as an 
 181 
error codes that describe weather the primary magma composition has been adversely 
compromised by clinopyroxene addition/subtraction, pyroxenite melting, or the effects of 
CO2 and H2O on melting. Clinopyroxene addition and subtraction will perturb the CaO 
content of the melt, and PRIMELT3 provides filters for its detection in cell. PRIMELT3 
also identifies pyroxenite sources as an error code in cell.             
     Herzberg and Asimow, (2015) using the MgO content of a PRIMELT3 primary 
magma provided new mantle potential temperature (TP) estimates from the empirical 
equation:  
TP = 1025 + 28.6MgO–0.084MgO2 
where TP is the mantle potential temperature in °C. TP for the studied mafic lavas are 
estimated on the filters of Herzberg and Asimow, (2015) PRIMELT3 primary magma 
composition. Plume related mafic lavas (~30 Ma) from plateau region reveal zonally 
arranged mantle producing LT mafic lavas (low-Ti tholeiites) in the western edge, and 
HT2 basanites and HT2 (basalts and picrites) mafic series in the eastern plateau sector. 
Primary magmas of HT2 basanites formed at higher Tp (1617 °C) by partial melting of a 
garnet bearing mantle source. The HT2 mafic lavas primary melts derived at Tp range 
from 1580 to 1595 °C. My estimate is consistent with previous estimates by Beccaluva et 
al. (2009) and Natali et al. (2016) for continental flood basalts from Ethiopian-Yemeni 
plateau. The excess mantle temperatures relative to ambient mantle is estimated to be 
>250 °C. The thermal regime of the western end of the northern plateau zones was 
significantly cooler with respect to the eastern part, as indicated by LT mafic lavas 
primary melts (Tp 1432 °C), thus suggesting plume-related thermo-chemical effects 
decreased westward of the plateau region. This implies that the mantle region that 
underwent partial melting had its deepest and hottest part centered in the east, close to the 
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Afar triple junction. The major element T results also show, Afar stratoid, NMER, SMER 
and SW Ethiopia (Wollega) mafic rocks primary melts generated at Tp of 1460 ± 40 °C. 
Maximum excess mantle temperature with respect to ambient mantle (Tp; 1350 ± 50 °C; 
e.g., Courtier et al., 2007; Herzberg et al., 2007; Ono, 2008; Katsura et al., 2010) is 
>250 °C for the ~30–28 Ma plateau lavas and 150 °C for the rift-related magmas. This 
would indicate thermal structure of sub-rift mantle decrease in the mantle potential 
temperature with respect to mantle beneath eastern part of northern Ethiopian plateau at 
~30 Ma, although in both case warmer than ambient mantle. Thus, there is a temporal 
pattern to the inferred depths of melting and Tp in Ethiopia volcanic provinces. The HT2 
basanites (~30 Ma) plateau mafic lavas associated with plume head impact record 
substantially higher apparent pressures of melting and mantle potential temperatures (Tp). 
These mafic lavas also provide strong spatial evidence for thermal and chemical 
anomalies i.e. the northwestern Ethiopian plateau was thermally and compositionally 
zoned melting region. In contrast, 27 Ma to recent mafic lavas show lower and remain 
constant melting pressures and Tp, suggest thermo-chemical anomaly has weakened over 
time. Thus, my results show that while the Ethiopian rift mantle is characterized by 
temperatures that are slightly elevated above ambient values, it is however cooler than 
the mantle during the initial impact of mantle plume beneath eastern sector of northern 
plateau.          
   
 
6.5. Source enrichment 
 
     Mafic volcanic rocks from the Ethiopian rift (Afar and MER) and the eastern part 
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of northern plateau show an enrichment of Ba, Nb and Ta and depletion of K (except 
Mathabila sample TG-54), Pb and Rb relative to elements with similar incompatibility in 
their primitive mantle-normalized trace element variation diagram (Fig. 5–8a-d). Given 
the similar bulk partition coefficients for highly incompatible elements e.g., K, La, Th or 
Nb in spinel or garnet lherzolite, K will not be fractionated from either Nb or Th during 
partial melting and melting trajectories will be horizontal, on diagrams such as in Fig. 6–
4a, b. Hence, the negative correlations described by the plateau and rift mafic lavas in 
Figure 6–4a, b can only explained if K behaved as a considerably more compatible 
element than either Nb or Th. It is, therefore, possible that hydrous mineral phase 
(amphibole or phlogopite) that fractionate K from Nb or Th was present during partial 
melting (e.g., Class and Goldstein, 1997; le Roex et al., 2001; Spath et al., 2001; Furman 
et al., 2006; Ayalew et al., 2006; Mayer et al., 2013; Rooney et al., 2014). Within each 
unit, samples with lowest Th or Nb and highest K/Th or K/Nb record the highest degree 
of melting. Hence, it is evident that HT2 basanites from northern Ethiopian plateau, 
having very low K/Th and K/Nb ratios are derived by very low degrees of melting than 
Afar stratoid and NMER mafic lavas, which have formed by higher degrees of melting. 
Potassium is an essential structural constituent of these phases, so it will be retained in 
the source region until they are consumed through progressive melting. Hence, the 
depletions of K and Rb relative to Ba, Nb and Ta and, the fractionation in K/Nb and K/Th 
are evident from plateau and rift lavas indicate the presence of hydrous minerals 
(amphibole and/or phlogopite) in the mantle source. A number of arguments have been 
also presented in favour of either amphibole or phlogopite as potential candidates of K-
bearing minerals in subcontinental mantle reservoirs (e.g., Michael, 1988; Guo and Green, 
1990; Hawkesworth et al., 1990). This mineral phase, which was progressively eliminated 
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during partial melting, is more likely to be amphibole than phlogopite giving rise to 
positively correlated Rb/Nb and K/Nb ratios (Fig. 6–4c). The potassic and ultrapotassic 
magmas characterized by K2O > Na2O form through melting of a mantle source 
containing phlogopite, while magmas with Na2O > K2O, such as observed in plateau and 
rift mafic lavas, will result by melting of amphibole-bearing mantle sources (Rosenthal 
et al., 2009). Similar interpretations have been offered by Rooney et al. (2017) for 
Miocene shield volcano (Gerba Guracha basalts) located within the Ethiopian flood basalt 
province. According to the author a negative K anomaly in primitive-mantle normalized 
diagrams, and Na2O > K2O of these lavas, suggests a source rich in amphibole, devoid of 
olivine and possibly containing some carbonate and magnetite. Moreover, data on 
amphibole- and phlogopite-bearing peridotites from the literature (e.g., Zanetti et al., 
1996; Ionov et al., 1997), indicate that phlogopite itself has high K/Nb (>3000) and Ba/Nb 
(>50), whereas amphibole has moderate K/Nb (200-400) and low Ba/Nb (<5). Both 
plateau and rift studied lavas display lower Rb/Sr values (<0.08; Fig. 6–4d, except 4 
samples 0.08–0.12), and possibly they may not require phlogopite in their source area 
rather they are interpreted as being derived from source regions with amphibole present 
through at least part of the melting process. The elevated Ba/Rb and Ba/Nb ratios present 
in these samples may be related to the high Ba concentrations (Fig. 6–4d, e). Similarly, 
most of the studied mafic lavas have higher Ce/Pb ratios than the assumed range for ocean 
island basalt (OIB; 25 ± 5; Hofmann et al., 1986), which is due to the low Pb 
concentrations in the samples. It is commonly assumed that phlogopite and amphibole 
are the main reservoirs for Pb in the mantle (Rosenbaum, 1993). Hence, for these lavas, 
residual amphibole in the mantle source that fractionates Pb from Ce is the most likely 
candidate for the relatively high Ce/Pb ratios observed here. I therefore suggest that the 
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SMER, NMER and Afar stratoid and LT northern Ethiopian plateau mafic lavas were 
formed by moderate to high degrees of melting of an amphibole-bearing spinel lherzolite 
source to spinel-garnet transition zone (i.e. at depths of ~60–100 km). By comparison, the 
HT2 basanites and HT2 northern Ethiopian plateau mafic rocks formed at greater depth 
(>80 km) by melting of garnet lherzolite containing amphibole, with a higher extent of 
melting for HT2 mafic series than that for HT2 basanites. Previous studies (Class and 
Goldstein, 1997; Mayer et al., 2014) using geochemical arguments suggest that 
amphibole is not stable in the convective upper mantle or upwelling thermal plumes from 
deep mantle but it is stable at the lithospheric mantle source (up to 3 GPa). The depths of 
melting inferred on the basis of REE modeling and calculated melting pressure for NMER, 
SMER, Afar stratoid and LT plateau lavas suggest most of their parental magmas were 
derived by partial melting of a mantle source extending from the spinel lherzolite into the 
spinel-garnet transition zone (2.5 to 3.0 GPa). Melting of amphibole-bearing spinel 
peridotite sources similar to that proposed here, has been inferred for the axial basalts 
from the Afar and MER (Ayalew et al., 2016).  
     The models for the generation of primitive mafic magmas in the Ethiopian plateau 
and rift volcanic province (Fig. 6–4f) suggested either spinel-bearing or garnet-bearing 
peridotite sources. Melting of spinel or garnet peridotite upper mantle sources can also be 
modelled and illustrated using the plots of La/Yb vs Dy/Yb ratios (Thirlwall et al., 1994; 
Baker et al., 1997; Jung et al., 2012; Mayer et al., 2013). The most plausible model that 
can account for the REE variation involves initial partial melting in the garnet stability 
field, followed by mixing of melts from garnet peridotite with melts from spinel 
peridotite, both containing amphibole. Therefore, sources are garnet and -spinel 
lherzolites (garnet lherzolite: 0.58 Ol, 0.15 Opx, 0.20 Cpx, 0.02 Gt, 0.05 amph, that melts 
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in the proportion 0.10 Ol, 0.20 Opx, 0.40 Cpx, 0.10 Gt, 0.20 amph, and spinel lherzolite: 
0.58 Ol, 0.15 Opx, 0.20 Cpx, 0.02 sp, 0.05 amph, that melts in the proportion 0.10 Ol, 
0.20 Opx, 0.40 Cpx, 0.10 sp, 0.20 amph; adopted from Jung et al., 2012). Source 
composition (La 2.7 ppm, Yb 0.19 ppm, Dy 0.45 ppm) represents an adjusted composition 
within the range of mantle peridotite (Beccaluva et al., 2011). Such plots can distinguish 
between melting in the garnet and spinel peridotite stability field because of the strong 
fractionation of HREE by garnet. Additionally, in such a plot mixing of melts from 
distinct sources produces linear mixing arrays that are distinguishable from partial 
melting trajectories. The data indicate that, the Afar stratoid, NMER lavas and HT2 
basanites plot on mixing lines between melts from spinel peridotite and melts from garnet 
peridotite, both containing amphibole (Fig. 6–4f). However, most of the Afar stratoid and 
NMER samples form a coherent group near the calculated trend for melts produced in the 
spinel peridotite stability field. In contrast, the SMER samples do not plot on mixing lines 
rather seem to originate by partial melting of a spinel peridotite source. Small degrees of 
partial melting from spinel peridotite source and garnet peridotite source have to mix to 
account for the range in Dy/Yb ratios in the HT2 basanites. This diagram suggests that 
simple partial melting exclusively in the garnet peridotite stability field or spinel 
peridotite stability field cannot account for the spread of HT2 basanites. 
  
     Lavas erupted throughout northeast Africa and adjacent Arabian plate commonly 
have trace element abundances consistent with melting a metasomatically enriched 
lithospheric mantle (Rooney et al., 2014b, 2017). However, the geochemical 
heterogeneity within lithospheric mantle has been in distinguishing between plume-
lithosphere interaction (Baker et al., 1998; Beccaluva et al., 2009; Endress et al., 2011) 
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and the more widespread metasomatic enrichments associated with the early formation 
of the lithosphere (Stein et al., 1997). Some previous studies have linked intraplate 
volcanism to lithospheric mantle sources enriched by mantle plumes at some time in the 
past (Halliday et al., 1990; Henjes-Kunst et al., 1990; Stein and Hofmann, 1992; Blusztajn 
et al., 1995; Baker et al., 1998). Henjes-Kunst et al. (1990) and Blusztajn et al. (1995) 
interpreted the Arabian lithospheric mantle xenoliths as being the result of metasomatism 
of the lithospheric mantle by the Afar mantle plume head during opening of the Red Sea. 
Xenoliths from the Ethiopian plateau and portions of Yemen are dominated by spinel 
lherzolite containing trace amounts of amphibole (Baker et al., 1998, 2002; Bedini and 
Bodinier, 1999; Conticelli et al., 1999; Frezzotti et al., 2010). Thus, amphibole may have 
formed by mantle metasomatism by migration of small-degree melts from an upwelling 
plume beneath this region. The effects of mantle metasomatism are apparent by the 
inferred presence of amphibole and enrichment of incompatible trace elements. The 
mantle xenoliths described from the plateau that contain amphibole (pargasite, Roger et 
al., 1999; Ferrando et al., 2008; Ayalew et al., 2008), strongly support this argument. 
Roger et al. (1999) suggested that the mantle lithosphere beneath the Ethiopian plateau is 
more homogeneous than that beneath the MER. In the northern Ethiopian plateau, the 
mafic lavas appear to be zonally arranged with LT mafic lavas (low-Ti tholeiites; Pik et 
al., 1998) in the western periphery of the province, and HT2 mafic series (basalts and 
picrites; Natali et al., 2016) and HT2 basanites in the eastern sector. The LT lavas exhibit 
variable, depletions in LILE and HFSE and enrichment in K. In contrast, the HT2 
basanites and HT2 mafic rocks display geochemical features, including enrichment of 
incompatible elements such as LILE and HFSE, negative K, Rb and Pb anomalies and 
positive Ba, Nb, and Ta anomalies (Fig. 5–8a). These features can be explained by fluids 
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from amphibole veins or layers in the subcontinental mantle, formed by melts from a 
rising of the underlying asthenosphere (rising plume) beneath the north plateau region. 
Therefore, the geochemical signatures of LT, HT2 basanites and HT2 mafic series could 
be derived from the interaction between lithospheric mantle and upwelling asthenosphere 
(rising plume). The upwelling asthenosphere (rising plume) signature increase from 
western peripheral LT to the eastern zone of HT2 basanites and HT2 lavas (Fig. 6–5d). 
This indicate HT2 basanites and HT2 lavas could be generated in the inner part of the 
Afar-plume and considerably more enriched by melts from Afar plume sources. In 
contrast, LT mafic lavas from western edge of the plateau may have been generated in 
the outer zone of the Afar-plume by partial melting of moderately metasomatized 
lithospheric mantle sources. Similar conclusion have been reached by Beccaluva et al. 
(2009) and suggested Rutile and ilmenite (Ti-rich metasomatic phases) are required in the 
mantle sources, particularly for the generation of extremely high-Ti magmas. le Roex et 
al. (2001) also suggested that the hydration of the sub-continental lithosphere beneath rift 
region (e.g. southern Kenya Rift Valley) is a consequence of fluids migrating upwards 
from a rising plume and invading the cooler overlying lithosphere, leading to the 
formation amphibole-bearing peridotite.  
 
     Furthermore, Rooney et al. (2014b, 2017) based on lavas from Gerba Guracha 
located within Ethiopian flood basalt province reported that, thermobaric perturbation of 
a continental lithosphere mantle that was enriched by Neoproterozoic subduction-related 
processes and later impacted by Cenozoic plume-lithosphere interaction could generate 
the Ethiopian Miocene lavas. Gerba Guracha lavas (~24 Ma) from western Ethiopian 
plateau are highly silica undersaturated (up to 16% normative nepheline, Rooney et al., 
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2014b, 2017) in contrast to mafic lavas on the Ethiopian plateau which are predominantly 
silica-saturated to mildly silica-undersaturated and contain significant contribution from 
the Afar plume (Pik et al., 1999; Kieffer et al., 2004). Gerba Guracha series are alkaline 
and shows high TiO2 (4–5 wt%), high abundances of the more incompatible trace 
elements, and prominent negative K anomalies. Based on these observations they 
suggested that the Gerba Guracha magmas are derived from melts of a metasome 
dominated by amphibole, and this metasoma is located within the lithospheric mantle. 
Mantle metasomes are regions of the lithospheric mantle that have been geochemically 
enriched as a result of chromatographic interaction between upper mantle-derived 
melts/fluids percolating through pre-existing peridotitic lithospheric mantle (Rooney et 
al., 2017). As result of this interaction, peridotite may become enriched in metasomatic 
phases such as amphibole or phlogopite, or veins dominated by these metasomatic phases. 
The thermal perturbation of the East African lithosphere by the Afar plume destabilized 
fusible metasomes at mid-lithospheric depths. These metasomes, which had resided in 
lithospheric mantle since the Pan-African subduction-event, were likely carbonated and 
dominated by amphibole and Fe-Ti oxides. Although small in volume, melts derived from 
mantle metasomes have significant concentrations of many incompatible trace elements 
and can exhibit potentially extreme isotopic heterogeneity, thus can considerably play an 
important role in the geochemical and isotopic budget of mixed source lavas (Rogers et 
al., 1998; Rosenthal et al., 2009).      
      Furman et al. (2016) also reinterpreted the geochemical compositions of primitive 
Ethiopian-Yemeni Oligocene mafic lavas and suggested that, the lavas require a much 
more significant contribution from the metasomatized subcontinental lithospheric mantle 
than has been recognized previously. According to the authors plume-lithosphere 
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interactions are expected to produce ductile drips. Metasomatized mantle lithosphere is 
not dynamically stable, and thermal perturbation from the upwelling Afar plume caused 
metasomatized lithosphere with a significant pyroxenite component to drip into the 
asthenosphere. While descending, this metasomatized lithosphere melted to produce the 
HT2 series (basalts and picrites). In contrast, LT lavas were not generated by drip melting 
but instead derived from shallower, dominantly anhydrous peridotite. 
  
 
6.6. Mantle source characteristics 
 
     The combined study of petrology and geochemistry (major- and trace-elements and 
Sr–Nd–Pb isotopic compositions) outlined in the previous sections reflect that, different 
degrees of melting, fractionation and involvement of multiple mantle sources with little 
or no contamination by crustal material were responsible for the geochemical variations 
in mafic rocks from Ethiopian volcanic provinces. Ratios of several trace elements (e.g., 
Ce/Pb, Nb/U), considered as tracer of mantle sources, mostly display values within or 
above the field of mantle-derived basalts as observed in those oceanic island and mid 
oceanic ridge basalt. The co-variation of 206Pb/204Pb and 87Sr/86Sr with La/Yb and Zr/Nb 
(Fig. 5–10c-f) cannot be explained by binary mixing of magmas derived from a 
homogeneous mantle source. Isotopic ratios are not fractionated during fractional 
crystallization, thus isotopic variation within a lava suite may indicate heterogeneity 
inherited from the source region. These suggest that Sr-Nd-Pb isotope compositions 
should reflect those of their mantle sources and, based on the large range of variation, 
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indicate variable contributions from distinct mantle reservoirs. To explain geochemical 
and isotopic variations of Sr, Nd, and Pb, four end-member components are postulated to 
have been involved (Fig. 5–9). These are denoted here as C-1, C-2, C-3, and C-4.  
     The Sr-Nd-Pb isotopic compositions of the samples from Afar area, northern 
Ethiopian plateau and MER (CMER and NMER) plot generally within a triangular region 
defined by three mantle end-members (C-1, C-2 and C-3; Fig. 5–9). The older mafic lavas 
(most of plateau and Mathabila series) from Ethiopian province received larger 
contributions of C-1 and C-3 end-member components, whereas the C-2 component is 
more prevalent in Afar stratoid lavas and LT mafic rocks (low-Ti basalts; Pik et al., 1999). 
But the contribution of the fourth end-member component (C-4), which was inferred as 
one of the end-member components in the sub-lithospheric source beneath the northern 
Kenya (Turkana picrites; Rogere et al., 2000; Furman et al., 2006b) is dominant in the 
Getra-Kele and Tosa-Sucha alkaline series. 
 
     The C-1 end-member component contributes dominantly to the HT2 basanites. The 
estimated composition is similar to FOZO (Stracke et al., 2005) or the common 
component ‘C’ deduced from oceanic basalts (Hanan and Graham, 1996). The isotopic 
composition of this component lies within the range of Sr-Nd-Pb isotope variations of the 
C component (87Sr/86Sr = 0.7030–0.7040, 143Nd/144Nd = 0.51284–0.51295, and 
206Pb/204Pb = 19.2–19.8; Orihashi et al., 2001; Rooney et al., 2012a). The contribution of 
this component is found in basalts in a number of tectonic settings, such as MORB, OIB, 
and intraplate. The origin is postulated that it represents recycled oceanic crust that is 
distributed ubiquitously in the upper mantle (e.g., Ito and Mahoney, 2005; Jackson et al., 
2008). Previous studies (e.g., Rooney et al., 2012a; Feyissa et al., 2017) have suggested 
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that C is the dominant component in the Afar mantle plume, rather than HIMU, as was 
previously suggested by Deniel et al. (1994) and Schilling et al. (1992). The HT2 
basanites mafic lavas have 206Pb/204Pbi (~19.3) lower than the characteristic HIMU ratios 
(206Pb/204Pbi > 20; Zindler and Hart, 1986). Indeed, these lavas display low Zr/Nb, La/Nb, 
Ba/Nb and high La/Yb ratios typical of OIBs (Fig. 5–10). The HT2 basanites are 
characterized by high TiO2, low SiO2 and Al2O3 and are enriched in LILE and LREE. 
Enrichment of LILE and LREE in alkaline mafic magmas has been associated with fluids 
from pyroxenite, amphibole or ecologite veins or layers in the subcontinental mantle, 
formed by infiltrating fluids or melts from the underlying asthenosphere (Foley, 1992). 
Experimental evidence indicates that high-Ti basanites may originate by partial melting 
of pyroxene-bearing lithologies with abundant hydrous mineral phases (e.g., amphibole, 
Mayer et al., 2013). For HT2 basanites, evidence for amphibole in the source is provided 
by negative K anomalies in mantle-normalized trace element patterns (Fig. 5–8). The 
amphibole may have formed by mantle metasomatism caused by migration of small-
degree melts from an upwelling plume beneath the north plateau region.      
 
     The C-2 end-member component is pronounced in Afar stratoid and LT (low-Ti 
basalts; Pik et al., 1999) mafic rocks. It is characterized by the least radiogenic Pb, the 
highest 143Nd/144Ndi and the lowest 
87Sr/86Sri among four components, and is similar 
composition to the upper mantle asthenosphere (depleted Red Sea MORB-like source; 
Schilling et al., 1992). The LT plateau mafic rocks exhibit trace element ratios that 
strongly differ from those of oceanic basalts (OIB and MORB, Fig. 5–10a, b), as is the 
case for many continental flood basalts and volcanic arc basalts. Most of the continental 
flood basalts have been interpreted as subcontinental lithospheric mantle derived melts 
 193 
(Brewer et al., 1992; Lightfoot et al., 1993; Garland et al., 1996; Frey et al., 1996). Hence, 
the correlations observed between trace element and isotopic ratios (Fig. 5–10c-f) indicate 
the lithospheric signature of the LT plateau mafic rocks. As discussed in Section 6.3, it is 
more likely that the lithospheric signature observed in LT lavas has been acquired by 
minor crustal contamination (possibly lower crust) during traversing in the crust.      
 
     The C-3 end-member component is prominent in the Mathabila mafic rocks 
(NMER-escarpment series, 27–18 Ma) and its isotopic signature resembles those of 
enriched lithospheric mantle (EM1; Zindler and Hart, 1986). It is characterized by high 
87Sr/86Sri, and intermediate 
207Pb/204Pbi and 
208Pb/204Pbi and low 
206Pb/204Pbi and 
143Nd/144Ndi. Characteristics of mafic lavas derived from this enriched source suggests 
that the reservoir inherited its distinct chemical and isotopic traits through varying degrees 
and forms of subduction-related lithospheric recycling (Hart et al., 1989; Schilling et al., 
1992). On a plot of La/Nb vs. Ba/Nb and Ce/Pb vs. Ba/La (Fig. 5–10a, b), most of the 
Mathabila mafic lavas have higher, La/Nb, Ba/Nb and lower Ce/Pb and plot towards the 
enriched mantle (EM) of Weaver, (1991), and reflect involvement of Pan-African 
lithospheric mantle. The enriched trace element characteristics of this end-member 
component argued against its being crustal in origin as outlined by Vidal et al. (1991). It 
has been suggested that Pan-African lithospheric mantle plays an important role in 
magmatism throughout the EARS, where Quaternary and older lavas erupt through 
regions of moderate crustal thickness along the main rift axes (e.g., Rogers et al., 2000; 
Stewart and Rogers, 1996). The incompatible element enrichment combined with K 
depletion noted in Mathabila lavas is a strong evidence that the lithospheric mantle 
underwent metasomatic enrichment. The metasomatism in the lithospheric mantle was 
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occurred by subduction processes during the Pan-African Orogeny (Bertrand et al., 2003; 
Shaw et al., 2007; El-Rus et al., 2018). This Neoproterozoic subduction-related 
metasomes followed by metasomatism caused by Cenozoic plume-lithosphere interaction 
(Rooney et al., 2014b, 2017). Thus, the estimated composition is similar to Pan-African 
lithospheric mantle, consistent with the inference.  
     The range of Sr, Nd and Pb isotope ratios (Fig. 12), of the Dofan (<3 Ma) and 
Mathabila (15–4 Ma) mafic lavas from NMER can be reconciled with the presence of C-
1, C-2 and C-3 mantle components. The input from C-1 end-member, which is similar to 
common component ‘C’ (Hanan and Graham, 1996), is more apparent in Mathabila 
sample (TG-54, 5.0 Ma) than in Dofan mafic rocks and, reflect the reduction in influence 
of Afar mantle plume with time beneath the rift region (Afar and MER). The contribution 
of C-3 component is less evident in Dofan lavas based on isotopic compositions. However, 
the existence of positive Ba and negative Rb and K anomalies in the primitive mantle-
normalized incompatible element patterns (Fig. 5–8c) are the most obvious feature of 
Dofan lavas. These geochemical features resulted from melting of amphibole-bearing 
sources. Amphibole is stable at temperatures (1050–1150 ºC) and pressures (up to 3 GPa) 
in lithospheric mantle peridotite (e.g. Pilet et al., 2008; Mayer et al., 2014). Thus, the 
source of the C-3 resides in the lithospheric mantle and can contribute to Dofan magmas. 
Amphibole is considered a major metasomatic phase and is observed in lithospheric veins, 
mantle xenoliths and as xenocrysts in the alkaline basalts (Dawson and Smith 1982; Pilet 
et al., 2010). Pilet et al. (2008) suggest that melting of hydrous metasomatic veins is a 
viable process to reproduce the geochemical characteristics of oceanic and continental 
alkaline magmas. They also demonstrate that the trace element pattern of hydrous 
metasomatic veins (amphibole-bearing veins) can be acquired by percolation and 
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differentiation of melts produced by peridotitic mantle similar to the depleted mantle 
observed below mid-ocean ridges (i.e., E-MORB to N-MORB; Workman and Hart, 2005) 
across the oceanic or continental lithosphere. Following this melting scenario, veins with 
enriched signature (C-3 component) are hosted in the lithospheric mantle which has a 
depleted signature (C-2 component). In the course of progressive rifting the vein material 
melts more easily and later induces melting of the surrounding depleted mantle to variable 
extent (Ayalew et al., 2016). The Afar stratoid and Dofan mafic lavas plot on C-1 and C-
2 mixing line, but the C-2 source component more conspicuous in the Afar stratoid lavas 
than in Dofan lavas, which is consistent with the proto-oceanic beneath Afar.   
              
     The C-4 component is represented by Tosa-Sucha and Getra-Kele alkaline mafic 
series from SMER. It is characterized by radiogenic Pb and low 87Sr/86Sr and relatively 
lower 143Nd/144Nd than the C-2 component, and resembles to the global HIMU end-
member component (Zindler & Hart, 1986). The SMER mafic lavas also have negative 
anomalies at K and Rb in their primitive mantle-normalized incompatible variation 
diagram (Fig. 5–8b). This may indicate that the C-4 component is also an amphibole-
bearing lithology in the lithospheric mantle beneath the southern Ethiopian region. Both 
Tertiary (23–20 Ma) and recent mafic volcanic rocks in the Turkana Depression of 
northern Kenya have largely been influenced by HIMU components, which were inferred 
as one of the end-member components in the sub-lithospheric mantle beneath the northern 
Kenya (Rogers et al., 2000; Furman et al., 2006b). The isotopic compositions of SMER 
mafic lavas extend towards those of the Kenya rift basalts (Fig. 5–9). Trace element 
patterns of these samples also resemble with Turkana alkaline mafic lavas, having 
enrichments of highly incompatible elements with positive anomalies of Nb and Ta and 
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moderate negative anomaly of K. In addition, mafic lavas exhibit high 206Pb/204Pb (19.3–
20.0) and 208Pb/204Pb (39.6–40.2) values that are similar to SMER, SW Ethiopia (Wollega 
mafic rocks; Ayalew et al., 1999) and Kenya rift basalts (Rogers et al., 2000) also reported 
from Gerba Guracha area that located within northwest Ethiopian plateau (Fig. 6–6e and 
f; Rooney et al., 2014b). Gerba Guracha lavas has revealed isotopic signature that 
approaches the HIMU-like component which is isotopically distinct from C-like plume 
composition. Thus, the isotopic compositions of C-4 will be represented source 
component similar to the Gerba Guracha and Kenya rift lavas.  
     The origin of the HIMU component in African volcanic rocks remains a topic of 
debate. There are discussions as to whether it was derived from the recycled oceanic crust 
in the asthenospheric mantle (Furman et al., 2006b) or from the subcontinental 
lithospheric mantle (Bertrand et al., 2003). The metasomatic lithosphere is considered by 
various authors as a potential source of the generation of alkaline magmas that occur in 
continental and oceanic settings (McKenzie and O'Nions, 1995; Pilet et al., 2004, 2005, 
2008; Panter et al., 2006; Rooney et al., 2014b, 2017). Although the nature and 
composition of metasomatic agents are debated, they are generally thought to be 
represented by silicate melts, carbonatite melts, and/or fluids in subduction and intraplate 
context (Morris and Pasteris, 1987; Pilet et al., 2010). Beccaluva et al. (2011), reported 
abundant mantle xenoliths from southern Ethiopia (Mega area, eastern border of the Main 
Ethiopian Rift; Fig. 1–1) in Pliocene-Quaternary alkaline lavas, and are also shown in Fig. 
6–6. Based on petrographical, mineralogical, geochemical, and isotopic features, the 
authors suggested that the Mega mantle section underwent percolation of alkali silicate 
metasomatic agents that reacted with the pristine paragenesis. The Sr-Nd-Pb isotopic 
compositions of Mega peridotite xenoliths mainly cover the compositional spectrum 
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between the depleted mantle and the HIMU mantle end members, the latter of which 
represents the dominant components in the metasomatizing agents (Beccaluva et al., 2011, 
and Fig. 6–6). The helium isotopic composition of Mega peridotite xenoliths varies 
between 7.1 and 8 Ra and overlapping the range that characterizes the Kenya rift basalts 
and plot close to C-4 components. Moreover, Mega peridotite xenoliths are also similar 
to those recorded in mantle xenoliths from the Afro-Arabian system (mostly in the range 
6.5–8.0 Ra) which represent the local lithospheric mantle (Aulbach et al., 2011; 
Beccaluva et al., 2011b; Sgualdo et al., 2015). The 206Pb/204Pb of mafic lavas in the 
northern Ethiopia plateau ranges between ~18 and ~19.3, and it abruptly increase from 
SMER towards Kenya rift (Fig. 5–9b, c). This distinct Pb isotope ratio between northern 
Ethiopia and Kenya used to propose different plumes for the two provinces (Furman et 
al., 2006b). Dominantly the ~30 Ma northern Ethiopian flood basalts are controlled by 
the C-1 component and are characterized by low 206Pb/204Pb ≤19.3 and high 3He/4He (up 
to 20 Ra) (Marty et al., 1996; Pik et al., 1999, 2006; Natali et al., 2016; Fig. 6–6). On the 
other hand, ~20 Ma to recent Kenya rift flood basalt shows high 206Pb/204Pb (~20.3) and 
low 3He/4He (6.15–6.59 Ra), indicative of HIMU influence which are interpreted as 
originated from the pods of ancient recycled oceanic crust entrained in the Kenyan mantle 
plume (Furman et al., 2006b).  
     HIMU-like component also identified in ~24 Ma Gerba Guracha lavas within 
northwest Ethiopian plateau (Rooney et al., 2014b, 2017; Fig. 6–6e and f). Gerba Guracha 
Pb isotopic ratios plot to higher and extend toward C–4 end-member component similar 
to samples from SMER, SW Ethiopia (Wollega basalts) and Kenya rift basalts (Fig. 6–6e 
and f). Gerba Guracha lavas characterized by high abundances of incompatible trace 
elements and prominent negative K anomalies which are consistent with magmas derived 
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from amphibole-bearing mantle source (Rooney et al., 2014b, 2017). The thermobaric 
perturbation of the continental lithospheric mantle mainly by rifting and plume-
lithospheric interaction may destabilize amphibole-rich metasomes and generate HIMU-
like magmas such as observed in Gerba Guracha lavas (Rooney et al., 2014b). The wide 
spread distribution of HIMU-like magmas in the Horn of Africa and Arabian plates, 
together with the common and easily fusible amphibole-rich lithospheric metasomes 
within the Neoproterozoic African lithospheric mantle indicate the magma could generate 
without the need for substantial lithospheric thinning or elevated mantle potential 
temperatures (Bertrand et al., 2003; Lucassen et al., 2008). Based on the above scenario 
Rooney et al. (2014b) suggested that HIMU-like component requiring the existence of 
both ancient subduction-related and more recent plume related metasomatic domains 
within the Ethiopian lithospheric mantle. On the other hand, alkali silicate metasomatism 
with HIMU isotopic affinity has also been recognized all over the Saharan belt from 
Sudan to Morocco (Lucassen et al., 2008; Beccaluva et al., 2008; Raffone et al., 2009), 
along the Red Sea (Henjes et al., 1990), Gulf of Aden (Baker et al., 1998), and Kenya Rift 
(Kaeser et al., 2006). The trace element and isotopic characteristics of mantle xenoliths 
that are reported in Pliocene-Quaternary alkaline lavas from southern Ethiopia 
(Beccaluva et al., 2011) together with regional comparison suggest that HIMU-like alkali 
melt(s) were among the most effective metasomtizing agent(s) in mantle sections beneath 
SMER. Hence, the origin of C-4 end member component which dominantly contribute to 
SMER alkaline lavas could be metasomatized sub-continental lithosphere by HIMU-like 
alkaline magmas. Our dataset provides new constraints on this end-member component 
(C-4) that has HIMU-like origin from the SMER alkaline mafic lavas as just reported for 
the Gerba Guracha lavas from northwest Ethiopian plateaus (Rooney et al., 2014b, 2017) 
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although different metasomatic processes required. 
 
 
6.7. Mantle source evolution and geodynamic implications  
 
     The new geochronological, geochemical and isotopic data presented here enables 
us to define the mantle source evolution and geodynamic processes that affected the 
Ethiopian volcanic province from the plume-related continental flood basalt generation 
to the subsequent rift-related magmatism (Figs. 6–5d and 6–7). In the northern Ethiopian 
plateau, flood basalts erupted at ~30 Ma (Hofmann et al., 1997), from Afar plume 
contemporaneously with Read Sea-Gulf of Aden extension. These plateau mafic lavas in 
Ethiopia form the thickest sequence, indicating the highest flux of both material and heat. 
In particular, the anomalously high Ti, together with Fe and incompatible element 
enrichments, of the HT2 basanites, HT2 (transitional basalts and picrites; Natali et al., 
2016) mafic rocks imply the presence of peculiar components that enriched the relative 
mantle sources. The isotopic analyses extensively carried out on these lavas indicate that 
while 143Nd/144Nd is rather homogeneous in these magma types, Sr–Pb isotope ratios are 
positively correlated with TiO2 reflecting the relative contribution of the lithosphere and 
incoming sub-lithospheric source (mantle plume) which increases from western plateau 
of LT (low-Ti basalts; Pik et al., 1999) to the eastern sector HT2 basanites and HT2 mafic 
series (Fig. 6–5a, b, c). As shown in Figure 5–9 in terms of Sr-Nd-Pb systematics, at least 
four end-member components can be identified. The C1 and C2 components are 
recognized from compositionally and thermally zoned northern Ethiopian plateau mafic 
lavas (Figs. 5–9, and 6–5d). The former is predominant in HT2 basanites and HT2 mafic 
 200 
series erupted at eastern part of the plateau, whereas the latter dominates the LT mafic 
rocks exposed at the western periphery of the plateau.  
     On chondrite-normalized REE patterns (Fig. 5–7a), the northern Ethiopia mafic 
lavas show light REE (LREE) enrichment, gradually increasing from LT lavas [low-Ti 
tholeiites, (La/YbN) = 0.93–3.53) to HT2 series [(La/YbN) = 7.03–11.1) and to HT2 
basanites [(La/YbN) = 14.1–21.7). LT mafic lavas have a relatively high La/Nb ratio, 
which, in principle, may be attributed to crustal contamination (Fig. 5–10a). The influence 
of this process has been demonstrated to some extent on the basis of isotopic data for 
some Ethiopian (Pik et al., 1999) and Yemen (Baker et al., 2000) continental flood basalts. 
However, the systematic decrease of the La/Nb ratio from LT to HT2 lavas and HT2 
basanites, parallel to the trend of incompatible element enrichment, suggests that this 
variation has to be mostly attributed to an increasing metasomatic enrichment of their 
mantle sources. Similar conclusions have been reached by Kieffer et al. (2004), who 
confirmed significant trace element differences between the LT mafic lavas and HT2 
mafic lavas parental magmas within the Ethiopian continental flood basalts.  
     Furthermore, the presence of mantle xenoliths beneath the northern plateau area 
can provide further petrogenetic constraints, as they represent direct evidence of the 
underlying lithospheric mantle. Mineralogical, elemental, and isotopic data obtained on 
mantle xenoliths from the northern Ethiopian plateau (Injibara and Didessa, Fig. 1–1) 
suggested that mantle sections beneath the plateau area underwent metasomatic processes 
(Beccaluva et al., 2011). In this case, trace-element and isotopic data indicate that the 
causative agents were melts closely resembling the continental flood basalt magmas 
related to the C-1 (similar to C or FOZO component). Mantle plumes have clearly been 
an important chemical and heat flux into the lithosphere in this region, often influencing 
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regions beyond the extent of the surface expression on mantle plumes (i.e., flood basalt 
provinces). The corresponding average mantle potential temperatures (Tp) are 1432 °C 
for LT lavas, 1580 to 1595 °C for HT2 mafic series, and 1617 °C Tp for H2 basanites 
which indicates that the Ethiopian continental flood basalts are evidently zoned both 
compositionally and thermally. Thus suggesting a thermal difference of >140 °C between 
the eastern and western part of the northern plateau. The importance of plume-driven 
metasomatism and growth of the lithospheric mantle, both in terms of forming fertile 
sources for continental volcanism and chemical and heat fluxes into the lithosphere, has 
probably been understated compared with the frequently invoked effects of subduction-
derived metasomatism. Therefore, this suggest that the plume-related impact induced a 
generalized lithosphere arching, thermal erosion and its refertilization by plume-related 
melts, leading to the generation of compositionally and thermally zoned plateau mafic 
lavas. 
 
  Subsequent plume upwelling induced rifting. A petrologic and geochemical model 
(Fig. 6–7) for MER mafic lavas explains the progression from tholeiite-dominated early 
series, tapping lithospheric-like sources, to later mildly alkaline to more alkali mafic 
dominated series, tapping relatively fertile, asthenospheric sources. At the early stage of 
MER development, tholeiitic mafic lavas (27–18 Ma) appear to have formed on the rift-
escarpment of NMER. Significantly, most of these lavas erupted on the western part of 
NMER show the greatest contribution from the C-3 end-member component, which 
resembles the Pan-African lithospheric mantle (Figs. 5–9 and 6–7a). The rocks display 
incompatible trace element and isotope ratios (e.g., high Ba/Nb, La/Nb, unradiogenic 
206Pb/204Pb and radiogenic 87Sr/86Sr) consistent with an enriched lithospheric mantle 
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source. These lavas have Gd/Lu lower than that of northern plateau lavas, suggesting that 
the melting depth became shallower during the period of 30 to 27 Ma (Figs. 6–2d and 6–
3a). Such a shift can account for the transition from plume- to rift-related magmatism 
(Fig. 6–7a). Asthenospheric upwelling induced melting of the lithospheric mantle by 
heating the base of the lithosphere since the lithosphere is relatively hydrous compared 
to the underlying anhydrous asthenosphere (Gallagher and Hawkesworth, 1992; Stewart 
and Rogers, 1996). Hence, the older tholeiites appear to have been derived from the 
melting of shallow mantle under a hydrous condition and could dominantly have 
contribution from C-3 the component.  
 
  The later melting was associated with the development of the MER and Afar rift. 
The geochemical data for the MER and Afar rift presented in this study reveal the 
evolution, through time, of the mafic lavas sources and point out the interaction of 
upwelling asthenospheric mantle with overlying lithosphere. The data suggest that these 
mafic lavas were derived from a less enriched mantle source (s) than that contributing to 
plateau mafic magma production, and also that they were derived by relatively shallow 
melting processes. C-1, C-2 and C-3 mantle components are recognized for Afar stratoid 
(<5 Ma), Mathabila (15–4 Ma) and Dofan (<3 Ma) mafic lavas from NMER in varying 
degrees (Fig. 5–9). The C-3 component is mostly seen in the oldest Mathabila lavas (27–
18 Ma), and may reside in the lithospheric mantle. This component apparent in 15 Ma to 
recent NMER lavas, based on their geochemical features (e.g. negative K anomaly, Fig. 
5–8c) resulted from melting of amphibole-bearing sources (Fig. 6–4a-d). As pointed out 
by Pilet et al. (2008), melting of hydrous metasomatic veins (amphibole-bearing veins) is 
a viable process to reproduce the geochemical characteristics of oceanic and continental 
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alkaline magmas, such as observed in NMER and Afar stratoid mafic lavas. However, the 
primarily hydrous conditions of the lithosphere would have dried out by repeated 
extraction of magma, as a result, the effect of lithosphere on magma compositions 
declined in the Afar stratoid and 15 Ma to recent NMER lavas (Fig. 6–7b). Eruptions of 
tholetiic texture in Afar, alkaline to mildly alkaline (transitional) mafic lavas in NMER-
floor, and escarpment, are attributed to melting of sub-lithospheric mantle sources (C-1 
and C-2 components) under relatively dry conditions. Among Afar stratoid and NMER 
lavas, the C-1 end-member component largely contributes to Mathabila samples (e.g. TG-
54, 5 Ma, Fig. 5–9), but is less apparent in Afar stratoid lavas. The C-2 end-member 
component becomes the predominant contribution to Afar stratoid and Dofan lavas.    
     Moreover, the Helium isotopic data reported for MER lavas (Debre Zeyit, Butajira 
and Wonji Fault Belt, Fig. 6–6a, c and d; Rooney et al., 2012a) range from normal upper 
mantle values (observed for MORBs ~7–8 Ra, Graham, 2002) to values higher than 
MORB (up to 15.1Ra). With exception of one Wonji Fault Belt (15.1 Ra) most of the 
MER lavas, display 3He/4He ratios varying from 5.61–12.9 Ra, overlapping Mega 
xenoliths (Beccaluva et al., 2011), Turkana mafic rocks (Furman et al., 2006b) and the 
lower compositional range of HT2 lavas (Natali et al., 2016). In contrast, the highest 
3He/4He ratios have been observed in the HT2 Oligocene flood basalts (up to 20 Ra Marty 
et al., 1996; Rooney et al., 2016) that identified as best representing of the C–1 component 
(similar to Afar plume composition, Fig. 6–6a, c and d). I therefore suggest that the C-1 
end-member component (similar to C component, Hanan and Graham, 1996) which had 
largest contribution to Oligocene plateau mafic lavas, has not persisted and its influence 
in recent volcanism beneath MER and particularly Afar rift has decreased. Similar to this 
result, Pik et al., 2006 presented that, high 3He/4He ratios in Oligocene flood basalts 
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suggest a lower mantle source, yet syn-rift to recent lavas indicate increasing dilution of 
the lower mantle contributions by upper mantle sources, suggesting the plume influence 
has weakened over time. In addition, petrologically derived estimates of Tp and 
calculated pressure for a primitive magmas erupted in Afar and MER are reflect, melts 
are generated at relatively shallower depth with less thermal plume influence compared 
to ~30 Ma plateau mafic lavas (Fig. 6–3d). Afar stratoid and NMER mafic rocks primary 
melts generated at average Tp of 1460 ± 40 °C in the pressure range between 1.5 to 3.41 
GPa. This data therefore suggests that, the depth of melting has been similar and constant 
along Afar and MER from early stage of rifting to recent (Figs. 5–11e, 5–12e and 6–3a-
c). 
  As the rifting processes goes on, the mantle diapir thermally erodes and thins the 
subcontinental lithosphere, and the magma composition becomes more affected by the 
upwelling of asthenospheric mantle source (C-2) beneath the Afar rift axis (Fig. 6–7c). 
Consequently, the degree of partial melting increases with thinning of the subcontinental 
lithosphere, and melt compositions are averaged by mixing (Maclennan, 2008). 
Lithospheric thinning may induce adiabatic upwelling and melting of the asthenosphere, 
leading to magmatism during rifting. In fact, in the Afar, stratoid mafic lavas show the 
isotopic compositions similar to the depleted end of sea-floor basalt from Red Sea and 
Gulf of Aden. Evidence of this in Afar stratoid lavas shows that, even though vestiges of 
continental material remain present in the crust beneath Afar (Makris and Ginzburg, 1987; 
Hammond et al., 2011), the mantle beneath this region behaves like a slow-spreading 
mid-ocean ridge. 
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  The Getra-Kele alkaline volcanism from SMER is temporally related to the 
northward propagation of rifting and volcanism from the Turkana area. It coincides with 
the development of rift basins in southern Ethiopia at 10-18 Ma. They are dominantly 
derived from HIMU-like source (C-4), from amphibole bearing metasomatic veins in the 
lithospheric mantle (Figs. 5–9, 6–6 and 6–8a). It also tells the observed HIMU signature 
is not derived from the proposed plume source (Furman et al., 2006b) instead it was 
originated from the underlying metsomatized lithospheric mantle by HIMU-like alkali 
silicate melt (Beccaluva et al., 2011). The Tosa-Sucha alkaline mafic lavas from SMER 
also have the same source with Getra-Kele alkaline mafic lavas, indicating the existence 
of the C-4 component up to recent time. I therefore interpret the geodynamics of southern 
Ethiopia in terms of passive rift model instead of the proposed plume activity. 
 
 
6.8. Age of initial rifting in the Main Ethiopian Rift (MER) 
 
     Continental rift zones are mostly characterized by the eruption of mildly alkaline 
to subalkaline basalts, and variable relative timing of rifting and volcanism. However, 
despite this variation there are two basic hypotheses attempting to explain the rifting-
volcanism relative timing (Fig. 6–9). First hypothesis (A-type) occurs due to small scale 
convection in the mantle (McKenzie and Weiss, 1975) directly affects the overlying 
lithosphere and induces rifting as a combined result of primary vertical tectonics (uplift) 
and likely later horizontal motion (initial spreading). In A- type rift evolution mantle is 
active and induces uplift and subsequent rifting. In this case the expected sequence of 
events is doming-volcanism-rifting. It appears that this A-type mode of rifting occurs 
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mainly on plates that are fixed with respect to the underlying mantle (Burke and Wilson, 
1972). The second hypothesis (B-type) is applicable to regions where rifting is the result 
of horizontal movements of plates and their interaction in which mantle plays a passive 
role. In B-type mantle is passive and there is no pre-rifting doming or volcanism. In this 
case rifting is likely to predate volcanism. The third hypothesis (C-type) was added to the 
diagram to demonstrate a complexity. The C-type mode of rifting was that of a B-type, 
in the geological record the sequence of events in the formation of a C-type rift will look 
like those of an A-type. The fissures in C-type formed by horizontal extension through 
which magma wells up prior to major downfaulting and rift formation. At present, the B-
type mode of rifting is by far the more widespread of the two (Sengor and Burke, 1978). 
Although onset and timescale of rifting and feedback to magmatism remain uncertain, the 
final products of all rift processes are likely to look very similar.  
 
     Many authors have contributed to the understanding of the timing of rifting and 
volcanism in the MER (e.g. Wolfenden et al., 2004; Mckenzie et al., 2005; Bonini et al., 
2005 etc.). An ongoing phase of magmatic rifting along northern end of the EARS in 
MER and Afar, Ethiopia, presents an exceptional opportunity to constrain relationships 
between volcanism and rifting. The first tectono-magmatic event related to the Tertiary 
rifting was the eruption of large volume of flood basalts at around 30 Ma; strong plateau 
uplift, has been suggested to have initiated contemporaneously or shortly after the 
widespread flood-basalt volcanism, although its exact timing remains controversial 
(Baker et al, 1996; Hofman et al, 1997; Ayalew et al, 2002; Uskins et al, 2002; Ayalew 
and Yirgu, 2003; Coulie et al, 2003). Voluminous volcanism and uplifted started prior to 
the main rifting phases, suggesting Afar mantle plume influence on the Tertiary rifting in 
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the MER. Although pre-rift basement is rarely exposed beneath the thick Eocene-
Holocene volcanic cover, the MER is thought to have formed within the Precambrian 
metamorphic crustal basement of the Pan-African Mozambique belt (Kazmin et al., 1978). 
The main rifting phases started diachronously along the MER in the Mio-Pliocene with 
discontinuous rift propagation interpreted in terms of southwards or northwards rift 
propagation (Chernet et al., 1998; WoldeGabriel et al., 1988, 1991; Ebinger et al., 1993; 
George and Rogers, 2002; Wolfenden et al., 2004; Keranen et al., 2004; Mckenzie et al., 
2005; Bonini et al., 2005; Buck, 2006; Rogers, 2006).  
     There are contrasting arguments of the age of initial rifting and rift propagation for 
the different MER segments. On the basis of Ar-Ar and K-Ar dating, basalts from NMER 
(Megezez volcano and Kesem basalts) have been dated 10–11 Ma (Chernet et al., 1998 
and Wolfenden et al., 2004), and they argue that rifting in the NMER began in the Late 
Miocene at ~11 Ma. Wolfenden et al. (2004) suggested that the MER-related initial rifting 
occurred at ~18 Ma in southern and central MER (SMER and CMER) segment, and 
propagated northwards into the Afar depression through the northernmost MER (NMER) 
after about 11 Ma. According to these authors, the initial rifting within NMER began long 
after initial rifting in CMER and SMER. Similarly rifting in SMER commenced by ~20 
Ma (Ebinger et al., 1993; George and Rogers, 2002), with the central and northern sectors 
of the MER developing at about 18 and 10 Ma, respectively (e.g. WoldeGabriel et al., 
1988; Wolfenden et al., 2004). In SMER faulting was well established by ~18 Ma 
(Ebinger et al., 1993; Wolde-Gabriel et al., 1991), where activation of the N-S trending 
structures was most probably related to a northward propagation of the Kenya rift-related 
deformation (Bonini et al., 2005). On the other hand, Bonini et al. (2005) suggest a 
Miocene-recent southwards rift propagation from the Afar depression, with rifting 
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affecting the NMER in late Miocene (~10–11 Ma), the CMER in the Pliocene (6–5 Ma) 
and then further propagating into the SMER during the late Pliocene-Pleistocene. The 
Pliocene-Pleistocene times rift propagation into SMER roughly concomitant with (or 
slightly preceding) the development of the volcanic lineaments between the Ethiopian 
and Kenyan domes (WoldeGabriel et al., 1990). Keranen and Klemperer (2008) build on 
this model and suggest rift propagation from north to south began smoothly in NMER at 
~11 Ma, then stalled upon reaching the NMER-CMER boundary and was diverted 
westwards along Yerer-Tullu Wellel Volcanotectonic Lineament (YTVL; Fig. 1–2). The 
YTVL is a trend of volcanoes and fracture systems trending roughly east-west between 
~8.5–9° N, intersecting the MER at the NMER–CMER boundary. Age distribution in the 
YTVL shows a remarkably similar character to that of the NMER, with a period of 
eruption from 11 to 7 Ma, from 6 to 3.5 Ma, and younger than 1 Ma (Abebe et al., 1998). 
Alternatively, Rooney et al. (2007) suggest that the MER records the unification of the 
Red Sea Rift and the EARS. The Red Sea-related rifting affects the NMER and propagates 
southwards from the Afar region, whereas the East African-related affects the SMER and 
CMER and propagates to the north. They suggested Red Sea and EARS now link and 
interact within the CMER.                
  In contrast, new K-Ar data obtained on the basaltic rocks in the current study 
demonstrate that rifting in the northern MER initiated prior to the proposed age by 
previous studies. The mafic lava exposed close to the base of the lava flows sequence in 
the western part of NMER-escarpment dated at 19.8 Ma (Feyissa et al., 2017 and this 
study, Fig. 6–8b). The lavas flows sequence relationship within the NMER and 
surrounding regions, thus placing the initial rifting in northernmost Main Ethiopian Rift 
at ~20 Ma similar to that proposed for SMER. Overall, the initial rifting affecting the 
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NMER in Early-Miocene prior to the time suggested by previous study (~10–11 Ma), and 
the tectonic activity in the area mostly developed during or soon after the emplacement 
of younger shield volcano (Megezez volcano, 10.6 Ma; Fig. 1–2). Thus, conversely to the 
previous studies which suggested that the boundary faults in the northern MER had lately 
formed at around ~10.5 Ma, K–Ar age data in this study show rift margins in the northern 
portion of the MER formed in the Early-Miocene (~ 20 Ma). 
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Fig. 6–1. Variations of 87Sr/86Sri vs. SiO2 (a), 143Nd/144Ndi vs. SiO2 (b), 206Pb/204Pbi vs. 
SiO2 (c), 
207Pb/204Pbi vs. SiO2 (d), 
87Sr/86Sri vs. MgO (e), 
206Pb/204Pbi vs. MgO (f), Nb/U 
vs. 87Sr/86Sri (g) and 
87Sr/86Sri vs. 1/Sr (h) for Ethiopian mafic volcanic rocks. Shaded 
areas and dashed-line field outline data of the Butajira (central MER; Rooney et al., 2005, 
2012a), Wollega (SW Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik et al., 1998, 
1999) and HT2 (high-Ti2 series; Natali et al., 2016).   
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Fig. 6–2. CaO/Al2O3 vs. Fe2O3 (a), P2O5 vs. SiO2 (b), Zr/Nb vs. Ba/Nb (c), (Gd/Lu)N vs. 
(La/Sm)N (d) and (Sm/Yb)N vs. (La/Lu)N (e) diagrams for Ethiopian mafic volcanic rocks. 
Gd/Lu vs. La/Sm and Sm/Yb vs. La/Lu diagram for mafic volcanic rocks MgO >6 wt.%. 
Shaded areas and dashed-line field outline data of the Butajira (central MER; Rooney et 
al., 2005), Wollega (SW Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik et al., 
1998) and HT2 (high-Ti2 series; Natali et al., 2016). 
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Fig. 6–3. a) Gd/Lu vs. La/Lu variation diagram for the Ethiopian mafic lavas (MgO >6 
wt%) plotted together with calculated curves for partial melting of a primitive mantle 
source (gray circle in the lower left, Sun and McDonough 1989). Two curves labeled Grt 
4% and 8% represent the abundance of garnet in the source, corresponding to 20:80 and 
40:60 proportions of Grt:Sp lherzolite (see text for description). Melt increments are 
shown as subvertical lines in 1% intervals between 1 and 6% and partition coefficients 
used in the calculation from Halliday et al. (1995). (b) Major element compositions 
compared to experimentally-produced liquids (Baker and Stolper, 1994; Kushiro, 1996). 
The continuous lines connect experimental runs of melts coexisting with cpx + oliv + opx, 
and the dashed line connects experimental melts coexisting with oliv + cpx after higher 
degrees of melting. Samples with MgO >6 wt% back-corrected for olivine fractionation 
to Mg# = 72. (c and d) Variation diagrams of age against pressure and mantle potential 
temperature for the Ethiopian mafic rocks. Shaded areas and dashed-line field outline data 
of the Butajira (central MER; Rooney et al., 2005), Erta Ale (north Afar; Barrat et al., 
1998), Wollega (SW Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik et al., 1998) 
and HT2 (high-Ti2 series; Natali et al., 2016). 
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Fig. 6–3e (continued). Primitive mafic compositions of the Ethiopian mafic lavas are 
plotted in the Plagioclase (Plg)-Olivine (Olv)-Silica (Qrtz) normative compositions 
ternary projection of Walker et al. (1979). Isobaric compositional trends from Hirose and 
Kushiro (1993). Also shown for comparisons are compositional fields from various 
groups of basalts from Butajira (central MER; Rooney et al., 2005), north Afar (Barrat et 
al., 1998), Wollega (SW Ethiopia; Ayalew et al., 1999), LT (low-Ti basalts; Pik et al., 
1998) and HT2 (high-Ti2 series; Natali et al., 2016). 
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Fig. 6–4. (a) K/Th vs. Th (b) K/Nb vs. Nb for the Ethiopian mafic volcanic rocks show 
the effect of progressive melting of an amphibole- or phlogophite-bearing source. (c) 
K/Nb vs. Rb/Nb, (d) Rb/Sr vs. Ba/Rb and (e) K/Nb vs. Ba/Nb plots for the Ethiopian 
mafic volcanic rocks. Rb/Sr vs. Ba/Rb shows Ethiopian mafic lavas have higher Ba/Rb 
values than those found in global MORB (Sun and McDonough, 1989), suggesting 
melting of a source region with minor amphibole as inferred for most studied samples. (f) 
La/Yb vs. Dy/Yb for Ethiopian mafic lavas. Partial melting curves are calculated using a 
non-modal batch melting model (Shaw, 1970). Sources are garnet and -spinel lherzolites 
both containing amphibole (see text for description and adopted from Jung et al., 2012). 
The straight lines indicate mixing between melt fractions from garnet mantle source and 
melt fractions from spinel mantle source. Mineral-melt distribution coefficients were 
adopted from Jung et al. (2012). Numbers on model curves indicate the percent melting 
and mixing. 
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Fig. 6–5. Variation of TiO2 vs. 143Nd/144Ndi (a), 87S/86Sri (b) and 206Pb/204Pbi (c) ratio 
diagrams of Oligocene Ethiopian plateau mafic rocks. (d) Schematic model for the 
generation of Oligocene Ethiopian plateau flood basalts from zonally arranged mantle 
source. Mantle source regions underwent metasomatic process that decreasing from 
eastern sector of the plateau to western edge. The mantle xenoliths (± amphibole; 
Conticelli et al., 1999; Ferrando et al., 2008) entrained in Quaternary alkaline volcanic 
rocks is also indicated. Metasomatic agent is melts from a rising of the underlying 
asthenosphere (rising plume) beneath the north plateau region. Fields for LT and HT2 
lavas from Pik et al. (1998, 1999) and Natali et al. (2016), respectively.   
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Fig. 6–6. He-Sr-Nd-Pb isotope composition diagrams for the Ethiopian mafic volcanic 
rocks: (a) 3He/4He (R/Ra) vs. 87Sr/86Sri, (b) 
208Pb/204Pbi vs. 
87Sr/86Sri, (c) 
3He/4He(R/Ra) 
vs. 143Nd/144Ndi, (d) 
3He/4He(R/Ra) vs. 206Pb/204Pbi, (e) 
206Pb/204Pbi vs. 
207Pb/204Pbi, and 
206Pb/204Pbi vs. 
208Pb/204Pbi. Also shown for comparisons are compositional fields from 
various groups of basalts from central MER (Butajira, Debre Zeyit and Wonji Fault Belt; 
Rooney et al., 2012a, see section 6.7 for description), Wollega (SW Ethiopia; Ayalew et 
al., 1999), LT (low-Ti basalts; Pik et al., 2006, 1999), HT2 (high-Ti2 series; Natali et al., 
2016), Kenya basalts (Rogers et al., 2000), Mega xenoliths data (Beccaluva et al., 2011) 
and Turkana mafic rocks (north Kenya; Furman et al., 2006a) and Pan-African crust 
(PANAC; Marty et al., 1996). The Gerba Guracha mafic lavas from northwest Ethiopian 
plateau also plot together with studied lavas (Rooney et al., 2014b). Approximate 
locations of mantle end-members denoted by C-1, C-2, C-3 and C-4. NHRL, northern 
hemisphere reference line (Hart 1984). 
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Fig. 6–7. Simplified magmatic evolution of the opening-rift model for the generation of 
rift-floor (Dofan) and rift-escarpment (Mathabila) mafic rocks from the northernmost 
MER (NMER) and Afar region (Afar stratoid). (a) Magmatism from 27 to 18 Ma. The 
upwelling asthenospheric melt reacted with lithospheric melt, and produced tholeiitic 
magma. (b) Magmatism from 15 to 4 Ma from rift-escarpment and 3 to 0.20 Ma from rift 
floor of NMER. (c) Magmatism from 5 to 0.12 Ma from Afar. In both Figures b and c, 
the effect of lithosphere decreased, and the melt was dominated by that derived from 
asthenospheric mantle. 27 Ma to recent mafic lavas generated from similar depth of 
melting. The maximum mantle potential temperature anomaly (ΔTp) estimated for the 
Afar stratoid and NMER (Mathabila and Dofan) mafic rocks relative to ambient mantle 
(Courtier et al., 2007; Herzberg et al., 2007; Ono, 2008; Katsura et al., 2010) is 150 °C.     
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Fig. 6–8. (a) Simplified magmatic evolution of the opening-rift model for the generation 
of south MER (Getra-Kele and Tosa-Sucha) mafic rocks. The mantle xenoliths (Mega 
area; Beccaluva et al., 2011) entrained in Miocene-Quaternary alkaline volcanic rocks is 
also indicated. Metasomatic agent is melts from a rising of the HIMU-like silicate melt 
beneath the southern MER region. (b) Plot of K-Ar ages vs. latitude for north MER 
(NMER) and south MER (SMER) together with data from NMER (Wolfenden et al., 
2004), central MER (CMER; WoldeGabriel et al., 1990; Bonini et al., 2005) and SMER 
(WoldeGabriel et al., 1990) for comparison and indicate initial rifting in NMER similar 
period as rifting as SMER.     
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Fig. 6–9. Idealized and simplified block diagrams showing the evolution of a rift valley 
from three different initial configurations (A-type, B-type and C-type; Sengor and Burke, 
1978). 
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1. This study provides the first comprehensive view of geochronological, petrological 
and geochemical diversity of the middle to late Cenozoic mafic lavas in the Ethiopian 
volcanic province, and constrains on petrologic processes and magma source 
characteristics to produce geochemically various magmas. 
2. New K-Ar ages provide the constraints on the timing and duration of volcanic activity 
in the Ethiopian volcanic province: Afar stratoid from 5.0 to 0.12 Ma, southern MER 
from 17 to 11 Ma (Getra-Kele) and from 1.24 to 0.55 Ma (Tosa-Sucha); and 
northernmost MER from 27 to 4.0 Ma (Mathabila) and 3.0 to 0.20 Ma (Dofan). The 
ages analyzed on these mafic lavas show that no systematic age variation along axial 
area (interior region) of the MER and Afar rift. New K–Ar ages of Mathabila lavas 
from NMER-escarpment suggested that the rifting in the northernmost MER initiated 
at about 20 Ma similar to initial rifting of the southern MER.     
3. Most of the studied mafic lavas are differentiated as they have Mg# <60, Ni <350 
µg.g−1 and Cr <550 µg.g−1. These mafic lavas show enrichments in Ba, Nb and Ta and 
depletions in K, Rb and Pb suggest the derivation of melts from amphibole-bearing 
mantle source.   
4. The isotopic and geochemical data indicate that shallow-level crustal assimilation is 
not significant in the petrogenesis for mafic magmas in the northern Ethiopian plateau, 
Afar, and MER. In contrast, the trace element signature of some lavas from western 
periphery of northern plateau suggests crustal assimilation (La/Nb = 0.99–2.13, 
Ba/Nb = 14.4–44.7, Ba/La = 9.21–28.2, Nb/U = 10.3–35, Ce/Pb = 6.86–15.6). 
5. Temporal and spatial variations in lava geochemistry are mainly attributed to changes 
in relative contribution of multiple magma sources. The plateau mafic lavas (~30 Ma) 
represent an example of continental flood basalt (CFB) generated by a hot mantle 
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plume. Maximum excess of mantle potential temperature (TPmax) estimated for the 
HT2 basanites and HT2 mafic rocks is greater than 250 °C, whereas the LT mafic 
lavas primary melts (TP 1432 °C) from the western periphery of plateau has less than 
100 °C excess mantle potential temperature relative to ambient mantle. Greater depth 
is inferred for the onset of melting for primary magmas of HT2 basanites and HT2 
mafic rocks, based on higher MREE/HREE ratios than the other series. Geochemical 
signatures of the high-Ti series, including enrichment of LILE and HFSE, negative K, 
Rb and Pb anomalies and positive Ba, Nb, and Ta anomalies are consistent with partial 
melts derived from sub-continental lithospheric mantle (contain amphibole) enriched 
by percolated plume melts. The MREE/HREE (e.g. Gd/Lu) ratios of Afar stratoid, 
NMER and SMER mafic lavas (27 Ma to present) from rift-escarpment and rift-floor 
is lower than that of HT2 basanites and HT2 Ethiopia plateau mafic lavas, suggesting 
that the melting depth became shallower and such a shift can account for the transition 
from plume-driven to plate-driven magmatism. The MER and Afar rift-related 
primary melts were mainly derived from melting of amphibole-bearing spinel 
peridotite to spinel-garnet transition zone, with associated depths of melting of 65–
100 km. The current mantle beneath the MER and Afar rift (Tp 1460 ± 40 °C) is 
significantly cooler than that in the period of magmatism having formed the HT2 
basanites (Tp up to 1617 °C).  
6. Geochemical and isotopic variations in the Ethiopian mafic lavas from Afar, MER 
and Ethiopian plateau volcanic provinces can be explained by mixing of melts derived 
from four end member components (C-1, C-2, C-3 and C-4). The C-1 component is 
characterized by low 87Sr/86Sr, moderately high 143Nd/144Nd and slightly radiogenic 
Pb isotope, and is speculated to have isotopic composition similar to “C” component 
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(recycled oceanic crust origin). This component contributed dominantly to the mafic 
series erupted at ~30 Ma on the eastern part of northern Ethiopian plateau. The C-2 
component is characterized by low 87Sr/86Sr, high 143Nd/144Nd, and less radiogenic Pb 
isotope, similar to that of the depleted end of Red Sea spreading axis basalts, and thus 
the origin of C-2 is postulated to be the shallow MORB-source mantle. This 
component largely contributed to LT mafic lavas from western edge of northern 
plateau and Afar stratoid mafic rocks. The C-3 component is prominent in the 
Mathabila (27–18 Ma) mafic series from the NMER-escarpment, and characterized 
by radiogenic 87Sr/86Sr, low 143Nd/144Nd, and less radiogenic 206Pb/204Pb and 
intermediate 207Pb/204Pb and 208Pb/204Pb similar to the compositions postulated for 
Pan-African lithospheric mantle. The C-4 is characterized by low 87Sr/86Sr, 
intermediate 143Nd/144Nd and radiogenic Pb isotope and mainly contributed to both 
Getra-Kele (17–11 Ma) and Tosa-Sucha (1.24–0.55 Ma) mafic rocks from southern 
MER. The origin of this component could be a metasomatized sub-continental 
lithosphere by HIMU-like alkali silicate melts.  
7. Temporal and spatial changes in lava geochemistry can be attributed to changes in 
relative contributions of these end-member components. During the initial stage 
(~30–28 Ma) of magmatism, C-1 end-member component mainly contributed to HT2 
basanites and HT2 mafic series from the eastern sector of northern Ethiopian plateau, 
whereas LT lavas from the western edge of northern plateau received a greater 
contribution from the C-2 components. In the subsequent period corresponding to the 
early stage of rifting (27–18 Ma), the magmas were dominated by contributions from 
C-3 component, presumably as a result of heating of lithosphere caused by the 
upwelling asthenosphere. During this stage, the volcanism concentrated on the current 
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NMER-escarpment region. The lavas in this period show geochemical and isotopic 
signatures consistent with derivation of magmas mainly from the C-3 component. In 
the ensuing period, the asthenospheric mantle (C-2) thermally eroded the base of 
lithosphere, and dominated the magma sources in the volcanic activities in Afar 
stratoid (5.0–0.12 Ma) and NMER (15–0.2 Ma). In the southern MER, the additional 
end-member component (C-4) involved in the genesis of Getra-Kele (17–11 Ma) and 
Tosa-Sucha (1.24–0.55 Ma) mafic lavas, which is considered as representing sub-
continental mantle metasomatized by HIMU-like alkaline magma. Accordingly, both 
Getra-Kele and Tosa-Sucha lavas are chemically and isotopically similar and sample 
a source region that is geochemically distinct from that for the Afar stratoid and 
NMER lavas.  
8. Relative contributions of four end-member components are attributed to change in 
sampling of melts derived from heterogeneous mantle, related to thermal condition of 
the asthenosphere and thickness of lithosphere.  
9. The thermal and chemical mantle plume influence has weakened with time although 
the current mantle beneath the Afar and Main Ethiopian rift is still slightly hotter than 
ambient mantle.   
 
 
